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Chapter 1 

Placentation Fundamentals 


1.1 Introduction 

Viviparity and the development of a placenta are two of the major reasons for the 
success of the vertebrates in colonising all habitats, both terrestrial and aquatic. 

The placenta is an apposition of fetal to maternal tissue which has two main 
functions: to maximise oxygen and nutrient acquisition from the mother, but to 
minimise immunological rejection by the maternal immune system. These compet¬ 
ing drives have resulted in an organ of uniquely varied cellular structure across 
species whereas all other organs such as the eye or the kidney for example, are 
remarkably uniform in this respect. 

The reasons for the range of placental structures and their evolution presents a fasci¬ 
nating scientific puzzle. They are also of immediate medical relevance since in man and 
animals impaired placental growth produces a weakened neonate and has also recently 
been shown to be associated with an increased incidence of cardiovascular, metabolic 
and other diseases in later life (Gluckman and Hanson 2005, 2006; Chap. 10.3) 
Comparative placental studies will facilitate an understanding of what factors control this 
impaired growth in humans and also allow informed selection of valid animal models. 

This book is mainly concerned with providing pictorial and descriptive data to 
facilitate broad comparisons of structures and secretions both during development 
and in their final form with a view of relating them to the functional activity of 
the placenta. In the viviparous vertebrate amniotes, both reptilian and mammalian, 
the remarkably wide variety of structures in the mature placenta develops from a 
similar repertoire of extraembryonic membranes as typified in the amniote egg. The 
diversity can be further simplified by use of straightforward structural criteria. 
The major problem is to relate those criteria to the wide range of functions served 
by the placenta. An appreciable number of viviparous vertebrate non amniotes, fish 
and amphibia, have developed analogous structures which serve similar functions 
to the extraembryonic membranes, These will be discussed briefly as they offer 
further insights into the requirements for successful fetal development. Even a few 
invertebrate species utilise placental analogues, a tribute to the advantages of vivi¬ 
parity (see Chap. 9.2) in particular environments (Hagan 1951; Woollacott and 
Zimmer 1975; Amoroso et al. 1979; Bone et al. 1985). 
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The placenta developed as an organ of physiological exchange to take advantage 
of the protection and economy of egg production provided by the adoption of viviparity. 
The initially small area of fetomatemal apposition is usually enormously increased by 
folding and refolding as it proliferates in parallel with the growth of the fetus. The 
main functions of the placenta are to act as a surrogate fetal lung, gut and kidney and 
to camouflage the usually allogeneic fetus from the mother’s immune system (Lala 
et al. 1983; Gill and Wegmann 1987). It also has an important endocrine role, influ¬ 
encing maternal metabolism and maintaining the uterus in a quiescent state. 

The surrogacy requires efficient exchange of a necessarily wide range of metab¬ 
olites and hormones using many different types of transport processes (passive and 
facilitated diffusion, active transport, pinocytosis and phagocytosis), all favoured 
by a reduction in the separation of fetal and maternal blood flows (Moll 1985; 
Munro 1986). 

The immunological camouflage is vital to avoid recognition by the multifacto¬ 
rial array of cellular and hormonal mechanisms mediating sensitization and 
immune rejection (see Chap. 9) and is best served by the provision of a barrier 
between the two circulations (Amoroso and Perry 1975). 

Since the surrogacy and camouflage requirements are so complex and mutually 
antagonistic (it being very difficult to adequately conceal and feed an invading cel¬ 
lular army) it is perhaps not surprising that such a wide variety of structures has 
evolved as solutions to these two multifaceted major problems. In addition, a 
system for rapid disposal of the placenta with minimum trauma is essential and 
there are constraints of gross size, habitat (arboreal gliding versus aquatic diving) 
and lifestyle (secure den versus run-as-soon-as-born) further modifying the require¬ 
ments defining a successful placenta. 

Perhaps because of these various and often conflicting pressures, there seems to 
be no straightforward progression to a unique ‘best’, most efficient placenta in par¬ 
allel with the generally accepted course(s) of evolution of placental animals (see 
Chap. 9). Different groups of mammals have evolved different structural solutions, 
all originally from a common pattern of membranes modified by a general trend to 
a reduction in separation between fetal and maternal circulations. The greater the 
understanding of these structural solutions the easier it should be to design experi¬ 
ments to elucidate the manifold functions of the placenta, to establish how best to 
judge the ‘efficiency’ of a placenta and to plan strategies to reduce the considerable 
prenatal embryo losses (Wilmut et al. 1986; Goff 2002). 


1.2 General Characteristics and Definitions 
1.2.1 Placenta 

The most comprehensive definition is that of Mossman (1937): ‘an apposition of 
parental, (usually maternal) and fetal tissue for the purposes of physiological exchange’. 
However, Steven’s suggestion of ‘an arrangement of two or more transporting 
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epithelia between fetal and maternal circulations’ more vividly encapsulates the 
functional aspects. 

Mossman’s definition is wide enough to cover the situations found in a variety of 
non-amniotes: tunicates, seahorses, some insects, fishes and amphibians as well as 
the amniotes (reptiles and mammals). The degree of apposition in vivo is sometimes 
difficult to establish because of technical problems of fixation and tissue preparation. 
There is good reason to believe that it is very close, often including microvillar 
interdigitation between fetal and maternal epithelia in the amniotes, but a shell or 
shell membrane remnant may persist in most reptiles and some fish (Chap. 3). 

The tissue on the maternal side of the apposition is usually a derivate of either 
the epithelium or connective tissue of the ovary, oviduct or uterus. 

The fetal component is invariably a derivative of the cellular ectodermal epithe¬ 
lium (trophoblast or trophectoderm) which formed the blastocyst surface. This epi¬ 
thelium together with internal membranes and blood vessels from the conceptus 
eventually form the choriovitelline and chorioallantoic placental structures. 

Physiological exchange covers a range of transport processes from simple 
diffusion of O, and CO, to the uptake of uterine secretions and maternal red blood 
cells. There is increasing evidence that mature placentas have different regions for the 
different forms of uptake (Chap. 2) and also that different types of placenta have 
evolved different methods for the uptake of particular nutrients (e.g. iron, see Chap. 2). 


1.2.2 Extraembryonic Membranes 

With the exception of the trophectoderm component of the chorion, the extraem¬ 
bryonic membranes of the vertebrate conceptus form from, and are in continuity 
with, the three germ layers (ectoderm, mesoderm and endoderm) of the embryo. 
‘Extra’ here is used in the sense ‘outside of The extraembryonic membranes pro¬ 
vide the basis for the formation of placental structures essential for the physiologi¬ 
cal maintenance and protection of embryos within the egg or uterus (Fig. 1.1; 
Mossman 1937, 1987; Steven 1975a). 


1.2.2.1 Yolk Sac 

This is formed by the enclosure of the yolk initially by cells from the embryonic 
disc which form a single cellular layer of ectoderm (unilaminar yolk sac, vitelline 
sac or omphalopleur) (Fig. 1.1). Subsequent migration of a layer of endoderm inter¬ 
nal to the ectoderm forms a bilaminar yolk sac, and finally growth of mesoderm 
between the first two produces a trilaminar yolk sac. If no yolk is present the last 
two layers develop in the same way after a hollow unilaminar blastocyst is produced 
from the solid ball of cells forming the morula. 

In the fishes and amphibians the mesoderm of the trilaminar yolk sac forms the 
blood vessels which vascularize the yolk sac and transport its contents to the growing 
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Squirrel Horse Cow, Pig 

Fig. 1.1 Development of the basic extraembryonic membranes, with diagrams of the definitive 
disposition of yolk sac and allantois in various animals 
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embryo. This vascularized yolk sac persists in some fishes after the release of the 
embryo from the investments of the egg. Retention of the developing embryo 
within the mother allows the possibility of modifying the vascularized yolk sac into 
an organ for direct fetomaternal exchange. Several of the cartilaginous fishes 
(elasmobranchs - skates and rays) have developed such a placental system whereas 
bony fishes (Osteichthyes) and amphibia have modified other parts of their body 
surfaces for the same purpose (Chap. 3). 

In reptiles and mammals the initial spread of the mesoderm converts only the top 
part of the bilaminar yolk sac into the vascular trilaminar form. This is the basis for 
the development of the other extraembryonic membranes typical of the amniotes: 
chorion, amnion and allantois (Fig. 1.1). 


1.2.2.2 Chorion, Amnion and Allantois 

Growth of these membranes starts when the mesoderm of the partly trilaminar yolk 
sac splits to form the exocoelom in continuity with the embryonic coelom (Fig. 1.1). 
The subsequent development of the mesoderm depends on whether it is associated 
with ectoderm or endoderm. Mesoderm plus endoderm (gut wall, splanchnopleur = 
definitive yolk sac wall) vascularizes very readily, whereas mesoderm plus troph- 
ectoderm (body wall, somatopleur = chorion) only rarely produces blood vessels. 

At this stage the trophectoderm and the inner cell mass (ICM, which will form 
the embryo) are already separate and non interconvertible cell lineages. For exam¬ 
ple, in the mouse Cdx2 is expressed predominantly in the trophoblast and Oct3/4 
only in the ICM (Selwood and Johnson 2006). Many animals - squirrels, rumi¬ 
nants, carnivores - lose the polar trophectoderm cells over the ICM (squirrel in 
Fig. 1.2a) in which case the chorion (trophectoderm plus nonvascular mesoderm) 
produces folds that enclose the embryo to form the fluid-filled amniotic sac (Fig. 
1.2a). Inside this the embryo can develop free of asymmetric constraints, in a 
shock-absorbing and compression-resistant environment. The amniotic membrane 
is thus derived directly from the chorion. In animals where the trophectoderm per¬ 
sists over the ICM, the amniotic cavity forms within the ICM tissue by what is 
generally described as cavitation but the exact cellular mechanism is not yet estab¬ 
lished (mouse, guinea pig and man Fig. 1.2a). In this case the amniotic membrane 
is derived from the ICM. In both cases the structure of the amniotic membrane is 
identical. Once the amnion is formed an endodermal vesicle grows from the hind 
end of the embryonic gut to form the allantoic vesicle, covered from its inception 
by vascular splanchnopleuric mesoderm. The allantois is in continuity with the 
developing urogenital system of the embryo and acts as a site for waste deposition. 
Its rich blood supply also allows it to develop as an organ of respiratory exchange 
when it grows through the exocoelom to fuse with the chorion which surrounds the 
embryo (Figs. 1.1, 1.2 and 8.3). In species with a solid allantoic endodermal 
outgrowth (mouse, guinea pig and man. Fig. 1.2b) waste materials are removed 
continuously via the placenta. 
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START OF YOLK 
SAC GROWTH 


MESODERM 

INITIATION 


EXOCOELOM, AMNION 
FORMATION 



Squirrel 


ICM 
gene 
expression 
different from 
■trophectoderm 




Trophectoderm BL and TL form and persist 
over ICM lost Amnion forms by folding 
(arrowheads) - 


Rat, Mouse 


ICM elongates, forms central 
cavity 


Mesoderm 
pinches off 
placental 
ectoderm 
(above) from 
amnion (below) 



, BL large, 
volk sac roof inverts 





Precocious mesoderm, initially loose meshwork, hollows out to form exocoelom 


a 


Fig. 1.2 (a,b) Development of placental membranes in squirrels, rat and mouse, guinea pig and 
human. For identification of individual membranes see Fig. 1.1 
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Human 


Fig. 1.2 b (continued) 
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1.2.2.3 Variations on the Basic System 

These membrane developments provide the basic systems which are common to all 
amniotes and can usually be recognized at least at the earlier stages of placental 
growth. The band of vascularized yolk sac fused with the ectoderm forms the fetal 
basis for the choriovitelline placenta and the vascularized allantois plus chorion forms 
the fetal part of the chorioallantoic placenta. Both are functional through most of 
prenatal development in reptiles (Chap. 3), monotremes and marsupials (Chap. 4). 


1.3 Choriovitelline (Yolk Sac) Placentation 

In eutherian mammals the choriovitelline (yolk sac) placenta functions only for a 
short time and varies considerably in extent in different orders. In carnivores and 
some ungulates it may form an extensive area in early pregnancy, but eventually the 
vascularized yolk sac is completely separated from the chorion by expansion of the 
exocoelom. In most rodents, lagomorphs and insectivores formation of the trilaminar 
choriovitelline placenta, if it occurs at all, is restricted by the persistence of a large 
bilaminar segment forming the lower half of the yolk sac and conceptus. A very dif¬ 
ferent sort of yolk sac placenta is formed subsequently when expansion of the exo¬ 
coelom invaginates the vascularized embryonic (top) half of the yolk sac into the 
bilaminar abembryonic (bottom) half to provide a multilayered cup apposed to the 
endometrium. The yolk sac cavity is reduced to a mere slit and the resultant layers 
referred to as an “incompletely inverted yolk sac placenta” (Figs. 1.2 and 1.3). 

Loss of the non-vascularized bilaminar yolk sac layers adjacent to the 
endometrium produces “complete inversion” (Figs. 1.2 and 1.3). What is ‘inverted’ 
is the sequence of tissues at the maternofetal interface. The choriovitelline placenta 
has maternal tissue: fetal ectoderm, mesoderm, endoderm; the inverted yolk sac 
placenta has maternal tissue: fetal endoderm, mesoderm. 

The choriovitelline placenta is usually transitory, but the inverted yolk sac type 
may persist to term and form part of the wide range of mature placental structures 
developed from the extraembryonic membranes. For example, the ungulates have a 
mere relic of a yolk sac but an enormous chorioallantois; the marsupials retain a 
large functional trilaminar choriovitelline placenta with a persistent bilaminar area 
and an allantois that does not usually reach the chorion; some insectivores and 
rodents have both inverted yolk sac and chorioallantoic placentas which function 
up to parturition (Figs. 1.1-1.3). The type of implantation can also greatly affect 
extraembryonic membrane development. 

1.3.1 Implantation and Membrane Development 

Implantation of the blastocyst, the initial apposition of fetal and maternal surfaces, 
usually occurs on the uterine luminal surface. However, some animals have very 
small blastocysts which develop in a narrow endometrial cleft (mouse, rat) or 
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Exocoelom 


YOLK SAC INVERSION 
Chorion 
Amnion 
Embryo 


Yolk sac 




Reichert’s (acellular) 
membrane 


2. Embryo sinks into or ‘inverts’ 
top of yolk sac 
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bottom half of 

yolk sac exposes fetal endoderm of inverted yolk sac placenta 



RODENTS 


Shrew 

(Soricidae) 


Solenodon 

(Solenodontidae) 


INSECTIVORES 


Examples of types 2 and 3 above 


Fig. 1.3 Development of the inverted yolk sac, with examples of definitive yolk sac placentation 
in rodents and insectivores 
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actively invade the endometrium (guinea pig, man: referred to as interstitial implan¬ 
tation) (see Chapter 2.1). 

Presumably, because of lack of space round the conceptus, the development of 
the embryonic membranes is considerably modified in species with interstitial 
implantation although the basic pattern described above can be recognized if suffi¬ 
cient stages are available. The major differences are that the original outer trophec- 
todermal layer over the inner cell mass persists; the amniotic sac forms by 
‘cavitation’ in a solid mass of cells rather than by folding; and the allantoic endo- 
dermal vesicle may be very small or absent so that the allantois is replaced by a 
solid rod of mesoderm. Development of the placental membranes is compressed in 
both time and space and the homologies of the membranes can be appreciated best 
from comparative diagrams (Fig. 1.2). 


1.4 Chorioallantoic Placentation 
1.4.1 Introduction 

The great diversity among chorioallantoic placental structures has led to many 
attempts to devise a classification which would categorize only those common 
structural features which may be used as a valid basis for evolutionary comparisons 
and experimental investigations of function. No classification scheme based on a 
single criterion has proved adequate and the current practice is to use several in 
parallel, which produces convenient and possibly instructive groupings rather than 
necessarily exclusive categories. 

The simplest criterion is the shape of the term placenta, but potentially 
more relevant to physiological exchange is the histological structure and 
organization of the layers separating fetal and maternal blood circulations at 
the fetomaternal interface (Grosser classification, Amoroso 1952; Steven 
1975a). The structure of areas outside or bordering the main placenta (acces¬ 
sory or paraplacental regions) and the amount of maternal tissue shed at partu¬ 
rition are also characteristic. These criteria all refer to the structure at term but 
the developmental history of the placental membranes may also provide 
important clues to functional relationships. 


1.4.2 Classification by Shape 

The fetomaternal exchange area is enormously increased by elaboration of villi or 
folds. The distribution of the chorionic folds or villi is characteristic among families 
and has four main categories (Fig. 1.4). 
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DIFFUSE 




ZONARY Haemophagous 



Placental zone 



Bicornuate polytocous 

Dog, Cat 


DISCOID 


Human 




Simplex monodiscoid 
monotocous 


Monkey 



Simplex bidiscoid 
monotocous 



Duplex monodiscoid 
polytocous 


Fig. 1.4 Schematic placental classification based on external form of the placenta and uterus 
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1. Diffuse: folds/villi over entire surface, e.g. pig, horse. 

2. Cotyledonary/Placentomal: chorionic villi grouped into a characteristic number 
of discrete tufts which can vary from 5 (deer) to 150 (giraffe), e.g. ruminants. 

3. Zonary: complex folds restricted to an equatorial band or path, e.g. carnivores. 

4. Discoid: villi restricted to a single or double disc, e.g. rodents, insectivores, 
anthropoids. 

This provides a useful simplification but within orders there are invariably exceptions 
outside the ‘usual’ category. Most insectivores have a discoid, but the American mole 
has a diffuse placenta; most of the ruminant placentas are placentomal, but that of the 
mouse deer is diffuse; carnivore placentas vary from the usual zonary to rare discoid 
(brown bear) and non-carnivores are found with a zonary placenta (hyrax, dugong); 
a few placentas start diffuse and are discoid when mature (man, hyrax). These facts 
indicate that the four categories are convenient rather than functionally distinct. 

Placentas with villi concentrated in limited areas (compact placentas) do have a 
5-10 times greater fetomaternal exchange surface per gram weight of fetus plus 
placenta at term than diffuse placentas (Fig. 2.9; Baur 1977), but whether this rep¬ 
resents a higher transfer efficiency or lower safety margin in diffuse placentas 
remains to be established. 

The uterine shape and number of conceptuses are also characteristics of a spe¬ 
cies. During development, the uterus is formed by (partial) fusion of the two 
Mullerian ducts to form a Y-shaped structure (Fig. 1.4). The degree of fusion varies. 
Rats and rabbits have completely separate ‘cornua’ or ‘horns’ and this is defined as 
a ‘duplex’ uterus. Ruminants have partial fusion into common uterine body (‘bicor- 
nuate’). In man and monkeys the horns are very small and the uterine body forms 
a ‘simplex’ uterus. Species producing a single offspring are designated monoto- 
cous, two ditocous, many polytocous (see Fig. 1.4). 


1.4.3 Classification by Histological Structure 

In 1909 Grosser pointed out that mammalian placentas could be grouped according 
to how many layers of maternal tissue were removed by the persistent chorion dur¬ 
ing development (cited in Amoroso 1952) (Fig. 1.5). 

The number of tissue layers between fetal and maternal blood stabilizes after 
implantation and early differentiation of organ systems, and would directly affect 
the physiological exchange between the circulations. Grosser classified the placen¬ 
tas by defining first the maternal layer which was in apposition to the chorion in the 
definitive placenta, producing four categories (Fig. 1.5): 

1. Epitheliochorial: No layers removed; uterine epithelium in contact with the 
chorion, e.g. pig, horse. 

2. Syndesmochorial: uterine epithelium removed, maternal connective tissue in 
contact with the chorion, e.g. ruminants. 

3. Endotheliochorial: maternal uterine epithelium and connective tissue removed, mater¬ 
nal endothelial basement membrane in contact with the chorion, e.g. carnivores. 
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Fig. 1.5 Placental classification suggested by Grosser on the left, revised to take account of 
recent research on the right 
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4. Haemochorial: all maternal tissue layers removed, chorion bathed directly in 
circulating maternal blood, e.g. rodents, insectivores, anthropoids. 

Mossman (1937) and Owers (1960) added further categories in which the chorion 
was lost either from an endotheliochorial placenta (producing an endothelioen- 
dothelial) or from the haemochorial placenta (producing a ‘hemoendothelial’). 
However, electron microscope investigations have since established unequivocally 
that in all chorioallantoic placentas so far examined the chorion persists to term 
even though it may be so thin as to be invisible at the light microscope level. 


1.4.4 Updating Grosser 

Grosser initially suggested (see Amoroso 1952) that the epitheliochorial to haemo¬ 
chorial series represented an evolutionary, anatomical and functional progression 
and proposed that, as the number of layers in what was regarded as a homogeneous 
semipermeable membrane decreased, the permeability and efficiency of the pla¬ 
centa increased. Subsequent work on capillary position, regional specialization and 
ultrastructure has shown that Grosser’s categories are a considerable oversimplifi¬ 
cation (Fig. 1.5; see below). More recently molecular phylogenetic evidence (Chap. 
9.3) also casts doubt on Grosser’s simple scenario. 


1.4.4.1 Capillary Position 

By differential growth during development fetal capillaries sink into and indent the 
chorionic epithelium. It is as if the capillary net expanded and pushed hard against 
a soft and yielding cellular layer. The capillaries always remain outside the base¬ 
ment membrane of the epithelium so that they are not anatomically ‘intraepithelial’ 
as sometimes described. They do, however, come much closer to the maternal 
blood, and in epithelio- and synepitheliochorial (previously syndesmochorial, see 
below) placentas the maternal capillaries often indent the uterine epithelium [the 
analogy here would be a tight meshwork of string (the capillaries) around a soft 
parcel (the fetal villus)]. The extent to which the indentation occurs varies both 
within and between placental categories but generally increases toward term. There 
is no electron microscopic evidence that the process ever reduces the number of 
tissue membrane layers but the diffusion distance between the fetal and maternal 
circulations can be considerably reduced. This may explain why although the 
sodium ion permeability follows the Grosser prediction with the haemochorial (few 
layered) much higher than the epitheliochorial (multilayered) placentas, the gas-diffus¬ 
ing capacities of the two types of placenta are not significantly different (Moll 1985). 
The sodium ion requires a transport system across each membrane, whereas gas 
diffusion depends solely on path length and concentration gradient. 
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1.4.4.2 Regional Specialization 

A wide variety of physiological, molecular biological, immunocytochemical and 
structural studies have all combined to demonstrate that the placental layers can 
have very different characteristics in different areas of the same placenta or in 
equivalent layers within the same placental category. The placenta has been shown 
to be a very active organ metabolically and contains a wide range of selective trans¬ 
port systems and thus cannot be considered a homogeneous semipermeable mem¬ 
brane (Munro 1986; Mossman 1987; Enders et al. 1998; Atkinson et al. 2006; Jones 
et al. 2007). 


1.4.4.3 EM Evidence for Validity of the Categories 

Syndesmochorial/Synepitheliochorial 

Grosser defined the mature syndesmochorial placenta as having lost the maternal 
uterine epithelium, thereby bringing the fetal chorion into contact with the maternal 
endometrial connective tissue. This was based on light microscope studies which 
indicated that the characteristic chorionic binucleate cell of ruminants was directly 
involved in erosion of the uterine epithelium. Subsequent electron microscope 
studies could not confirm this but did demonstrate that a microvillar junction was 
present in all ruminants investigated, with either a syncytium (sheep, goat) or a 
cellular epithelium (cow, deer) on its maternal side interdigitating with the fetal cho¬ 
rion. This was taken as evidence that the uterine epithelium persisted (Ludwig 
1962) albeit in syncytial form in some species, and that the syndesmochorial cate¬ 
gory was therefore more accurately described as epitheliochorial with the microvil¬ 
lar junction being also the fetomaternal junction. 

However, Wooding (1982a,b, 1984, 1992) and Lee et al. (1985) have demon¬ 
strated that the sheep and goat syncytia are formed largely from the fetal chorionic 
ruminant binucleate cells which migrate across the microvillar junction to fuse into 
and form the syncytium. The layer in contact with the uterine connective tissue is 
therefore a fetal chorionic derivative and the placenta is legitimately described as 
syndesmochorial. At implantation, however, the syncytium originates from the 
fusion of a fetal chorionic binucleate cell with a uterine epithelial cell and the rela¬ 
tive contributions of fetal and maternal tissue to the mature sheep or goat syncytium 
is still uncertain. 

In cow and deer a fetomaternal syncytium is formed in the same way at 
implantation, but is subsequently displaced by regrowth of the residual cellular 
uterine epithelium. Continued binucleate cell migration across the microvillar 
junction produces fetomaternal trinucleate cells throughout pregnancy. These 
minisyncytia do not spread further but die and are resorbed after releasing their 
fetally produced granules to the maternal connective tissue (see Chap. 6 and 
Wooding 1982a,b, 1992). 
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All ruminants so far studied have binucleate cells and/or mini- or more extensive 
syncytial formations throughout pregnancy. Production of fetomaternal hybrid 
tissue in contact with the maternal connective tissue thus appears to be characteristic 
of ruminants. It is so unlike anything that is found in the other placental categories 
that it seems useful to maintain the distinction between epitheliochorial and syn¬ 
desmochorial placentas. 

The prefix ‘syndesmo’ was used by Grosser as a rather obscure synonym for 
connective tissue (Borland’s Medical Dictionary: syndesmo, a continuing form 
denoting a relationship to connective tissue). It is now clear that the uterine epithe¬ 
lium is not removed by the chorion but more or less extensively modified by fusion 
with binucleate cells from implantation to term. The chorion is thus in contact with 
a fetomaternal syncytium and not with connective tissue. A usefully descriptive 
term for this situation which retains a reference to the older usage would be ‘syne- 
pitheliochorial’ (Wooding 1992) (Chap. 6). 

Haemochorial: Enders (1965), in an elegant comparative study, demonstrated that 
the haemochorial placenta does not always have a single layer of trophoblast. 
Different species show a constant pattern of one, two or even three separate layers 
between maternal blood and fetal endothelium. The terms haemomonochorial, 
-dichorial and -trichorial were introduced to accommodate this (Chap. 8.6). Further 
complexity was evident in that any layer could be either cellular or syncytial and 
some layers had macroscopic pores through their entire thickness. Most layers were 
thin, but this varied considerably. Thus, again the Grosser category covered a much 
wider range of structure than originally realized. There is an equivalent variation in 
functional capacity; the gas-exchange values for haemochorial placentas cover such 
a range that they include the values for epitheliochorial placentas (Moll 1985). 

Although many of the initial assumptions and predictions of the functional sig¬ 
nificance of the Grosser classification have been shown to be incorrect, the basic 
categories are still easily recognisable and nothing more convenient has yet been 
found to replace it (Fig. 1.5). 

Grosser also separated placentas into ‘villous’ or ‘labyrinthine’ types depending 
on the way in which the continuous increase in the fetomaternal junctional area 
throughout pregnancy was organized. In villous placentas the chorion initially 
forms simple finger-like projections which subsequently may become profusely 
branched but remain separate. Conventionally ‘primary’ villi are formed by a solid 
mass of ectoderm. These are said to be ‘secondary’ villi when mesoderm grows 
into their core and ‘tertiary’ villi when this core vascularizes (Steven 1975a; Leiser 
and Kaufmann 1994; Burton et al. 2007). 

In labyrinthine placentas the fetomaternal junction forms a network. This can be 
produced by fusion between the branches of an initially villous placenta, by a hol¬ 
lowing out of spaces in solid trophoblast or by the engulfment of a meshwork of 
maternal capillaries by the invasive chorion which replaces the maternal connective 
tissue. Although the structural development is usually villous to labyrinthine there 
are instances, such in the human, where the initially labyrinthine placenta becomes 
villous secondarily. 
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1.4.5 Classification by Tissue Lost at Parturition 

In the ‘deciduate’ type a variable amount of maternal tissue is lost with the fetal 
membranes at birth. The non-deciduate (or adeciduate) placenta separates at the 
fetomaternal junction. There is a reasonable correlation with the Grosser classifica¬ 
tion in that if there is any erosion of the maternal layers during placental develop¬ 
ment then the placenta is deciduate and is shed together with some maternal tissue 
at term. 

Since the data are relatively easy to collect, this classification can serve as an 
initial indication of structure. In contradeciduate placentas some fetal tissue is 
retained and resorbed after parturition. This has been reported in only a very few 
epitheliochorial placentas (European mole, lemurs; Amoroso 1952). 

It was originally thought that the specialized tissue (decidua) formed early in 
pregnancy from stromal cells in the endometrium of species with haemochorial 
placentation was related to the eventual placental separation zone. However, the 
extent of its production is variable, it frequently disappears before parturition and 
is completely absent in ‘deciduate’ endotheliochorial placentas. It therefore seems 
very unlikely that decidual tissue plays a major role at parturition. For a more 
detailed discussion of decidua see later in this chapter. 


1.4.6 Classification by Accessory Placental Structures 

These do not form a comprehensive scheme but are consistent features and provide 
a basis for further characterizing categories in the other schemes such as Grosser’s. 
These structures are normally outside or at the edge of the main placental region 
and may be very different in structure. 


1.4.6.1 Haemophagous Zones/Organs 

These structures are also known as haematomas, but this term is already used in 
other less specific contexts and is best avoided; they occur in many endotheliocho¬ 
rial and some epitheliochorial placentas, normally around the margin of the main 
placenta but occasionally centrally (Ulysses et al. 1972; Burton 1982; Enders and 
Carter 2006; Enders et al. 2006). 

The haemophagous zone is a specialized area where the chorion and maternal 
tissue are widely separated by stagnant, but not necessarily clotted, maternal blood. 
There is no circulation of blood; the supply is by intermittent leakage and the con¬ 
trol not understood. The chorionic trophoblast cells are typically very tall and 
columnar and full of large vacuoles containing phagocytosed red blood cells in 
various stages of digestion. It is assumed that by breakdown of maternal haemo¬ 
globin these zones provide a principal source of fetal iron. 
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Haemophagous zones are characteristically found at the edge or centre of the 
zonary endotheliochorial labyrinthine placentas of carnivores, but also occur in 
some endotheliochorial placentas in elephants, insectivores and bats (see Chap. 7). 
Some synepitheliochorial placentas also show haemophagous zones at the base of 
the fetal villi in the cotyledons (sheep and goat, Chap. 6), but none has been 
reported in epitheliochorial and only three in haemochorial placentas (shrew. King 
et al. 1978; tenrec, Mossman 1987; Enders et al. 2007). 


1.4.6.2 Areolae 

Areolae consist of small areas of the chorion overlying the mouths of the uterine 
glands whose secretion separates the two epithelia. The chorionic surface is normally 
elaborated in small folds carrying tall columnar cells showing evidence of active 
phagocytotic uptake of uterine secretions (Figs. 20, 21 and 35; Enders and Carter 
2006). There is evidence of both merocrine and holocrine secretory modes from the 
uterine glands and epithelium. In the pig there is ultrastructural evidence for secretion 
of the iron transport protein uteroferrin from the glands and uptake by the chorionic 
areolar epithelium (Fig. 2.6; Raub et al. 1985). Enzymes related to sodium transport 
processes have also been localized to the areolar chorion (Firth et al. 1986a,b). 

Areolae are characteristic of epitheliochorial placentas and occur in large num¬ 
bers over the entire surface of the placentas of pigs (see Chap. 5) and horses 
(8,000-9,000 in pig, Amoroso 1952). They are also common in the interplacen- 
tomal areas of synepitheliochorial placentas (ruminants). In both groups large 
amounts of uterine gland secretion (also known as uterine milk or histotrophe) are 
produced and the areolae represent a localization and concentration of the uptake 
function common to all chorions. Their prominence in epithelio- and synepithelio¬ 
chorial placentas may be correlated with the relative impermeability of such multi¬ 
layer structures to non-diffusible substances; they are much simpler and less 
frequent in paraplacental regions in the cat and dog (endotheliochorial) placentas. 


1.4.6.3 Chorionic Vesicles 

These may be derivatives of the chorionic roof of an areola invaginated into the 
allantoic sac (Fig. 5.2c). They range from vesicles lined with well-preserved cho¬ 
rionic epithelium containing material identical to that present between the epithe¬ 
lia in an areola, to sacs with no discernible internal structure (Amoroso 1952; 
Mossman 1987). These possibly represent the initial and final stages of such 
structures. They occur in placentas with areolae but are so infrequent and sporadic 
in their distribution that it seems unlikely that they have any specific function 
other than removal of excess secretion from between the fetomaternal layers. This 
is corroborated by the observation that in the horse the remnants of the endome¬ 
trial cups (see below) are removed from the uterine surface and stored in a very 
similar structure (Fig. 5.7b). 
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1.4.6.4 Chorionic Girdle and Endometrial Cups 

In equids before implantation, a girdle of binucleate cells develops in the trophecto- 
derm surrounding the conceptus (Figs. 5.7-5.11). These fetal cells migrate across the 
uterine epithelium to form a ring of solid structures in the uterine subepithelial con¬ 
nective tissue known as endometrial cups (Figs. 5.7, 5.8 and 5.13). These aggregates 
of fetal cells produce large amounts of equine chorionic gonadotrophin (eCG), previ¬ 
ously known as pregnant mare serum gonadotrophin (PMSG), during the second 
quarter of pregnancy. The cells are subsequently killed by maternal leucocytes and 
the remnants are encapsulated by the chorion and invaginated into the allantoic cavity. 
This remarkable system (Fig. 5.7) is found only in the Equidae, but the binucleate 
nature, migration and hormone production of these cells are very reminiscent of the 
binucleate cells in the ruminants (For further details and references, see Chap. 5). 


1.4.6.5 Yolk Sac Structures 

As discussed above, the yolk sac membranes display a wide range of structural 
organization throughout gestation in eutherian mammals. In the present context it 
is the usually transient presence of the choriovitelline placenta and the structure and 
position of the yolk sac at term which are used as diagnostic features. 

The choriovitelline placenta (vascularized trilaminar yolk sac apposed to uterine tis¬ 
sue) forms the definitive placental structure in metatheria (marsupials) and is temporar¬ 
ily present in some families of nearly all eutherian orders whatever their eventual 
chorioallantoic placental type. It is important at implantation in subsequently endothe¬ 
liochorial carnivores but much more transient in ungulates. In both, the vascularized 
yolk sac is soon separated from the chorion by the expanding exocoelom, and by mid- 
gestation it is regressing in size. It soon becomes vestigial in ungulates but may retain 
some (unknown) function in carnivores and some bats (Figs. 1.1 and 1.2). 

In the largely haemochorial rodents, insectivores and lagomorphs the choriovitell¬ 
ine placenta may be present during development, but these orders are characterized 
from an early stage until term by the presence of an inverted yolk sac placenta which 
may be complete or incomplete (Fig. 1.3). This is the only route of transfer for the 
first third of pregnancy before the chorioallantoic placenta develops. The incom¬ 
pletely inverted type has many layers but is still reported to be active in histotrophic 
absorption in some sciurid rodents (squirrels) (Mossman 1987). The completely 
inverted type has fewer layers and in the second half of pregnancy may serve general 
histotrophic functions. Several studies have demonstrated its active role in macromo- 
lecular uptake including specific transport of immunoglobulins, in mouse, rat and 
guinea pig. Typically the relationship with the maternal tissues is far less intimate 
than in the choriovitelline placenta, the yolk sac tissue absorbing secretions like a 
fetal areolar epithelium by endocytosis from the uterine lumen (Bainter 1986). 

An exception to this is the “intraplacental yolk sac” area where the yolk sac is 
carried into the fetal base of the chorioallantoic placenta as narrow sleeves around 
the initial branches of the umbilical vessels. This brings the yolk sac epithelium 


20 


1 Placentation Fundamentals 





Fig. 1.6 Hemomonochorial guinea pig placenta, (a) Light micrograph of a transverse section 
through the whole placental disc illustrating the different regions of the placenta. B suplacenta, D 
decidua, L labyrinth, S spongiotrophoblast, Y (inverted) yolk sac. (b) Electron micrograph show¬ 
ing the labyrinth structure. Note the variation in thickness ( arrowheads ) of the diffusion path 
between maternal and fetal circulations. F fetal capillary, M maternal blood spaces, (a) 23dpc; 
x20. (b) 39dpc; x5,200 

close to the maternal blood inflow channels where it is thought to be involved in 
fetal calcium uptake (Kovacs et al. 2002 and see Chap. 2). 


1.4.6.6 Subplacenta 

Unique to hystricomorph rodents, a subplacenta is found on the maternal side in the 
central area of the placenta (Davies et al. 1961a,b) (Fig. 1.6 and 8.1). 

It consists of trophoblast villi which penetrate into the decidualised area of what 
becomes the placental stalk. The villi are covered by cytotrophoblast underlying a 
syncytial trophoblast layer of characteristic ultrastructure which proliferates to 
form closed lacunae not perfused by maternal blood (Figs. 1.6 and 1.7). Recent 
corrosion cast studies (Miglino et al. 2004) have shown that the villi are well vas- 
cularised by fetal capillaries in the second half of pregnancy. 

This absence of circulating maternal blood and the ultrastructure make the sub- 
placental syncytium quite unlike that in the rest of the placenta. A secretory rather 
than absorptive function has been suggested (Davies et al. 1961a,b). The fetal 
capillary network is said to resemble that found in an endocrine gland (Miglino 
et al. 2004; Rodrigues et al. 2006) possibly secreting mediators for placental regula¬ 
tion but nothing is known of the synthetic capacity of this region. 
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Fig. 1.7 Hemomonochorial guinea pig placenta, (a) The spongiotrophoblast fine structure is 
very similar to, and continuous with the trophectodermal syncytium of the labyrinth. Note the 
large mitochondria ( asterisks ), vesicular rough endoplasmic reticulum ( arrowheads ) and golgi 
body; M maternal blood space, (b) The ultrastructure of the subplacental syncytium is markedly 
different from other placental syncytium. It has arrays of endoplasmic reticulum (E) and numer¬ 
ous characteristic small secretory granules (S) produced from the golgi body (G). X, intrasyncy- 
tial lacuna which usually is edged with microvilli, (a) 39dpc; xl3,400. (b) 39dpc; xl4,000 


1.4.7 Definitive Placentation 

The ‘mature’ or ‘definitive’ placenta may be characterized as the one whose struc¬ 
ture shows no significant differences in number or type of layers between fetal and 
maternal blood when compared with the term placenta. If two types coexist (syne- 
pitheliochorial and epitheliochorial in sheep; haemochorial and inverted yolk sac in 
rodents) then usually one of them has a considerably larger fetomaternal exchange 
area and is quoted as the definitive form. 
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Often a functional yolk sac precedes the development of the chorioallantoic pla¬ 
centa. The growth of the fetus also has two phases: an embryonic period when the 
organ systems differentiate and a subsequent fetal period characterised by 
an exponential growth phase. A prerequisite for this rapid growth is a vast increase in 
the placental capacity for nutritive and gas exchange. It is to meet this demand that 
the chorioallantoic placenta has attained its characteristic or definitive structure usu¬ 
ally by the second half of pregnancy and frequently much earlier, but always by the 
time that the maximum rate of fetal growth occurs. Baur (1977) has shown for a vari¬ 
ety of placental structures that the absolute area of the fetomaternal junction increases 
continuously throughout pregnancy although the area per unit weight of fetus usually 
decreases significantly just before term. This indicates that the existing area of the 
placenta needs to be used with ever-increasing efficiency, and in most placentas the 
layers between the fetal and maternal circulations do get progressively thinner, which 
would be one way of achieving this. The fetal and maternal capillaries approach more 
closely by indentation of the layers and may also increase in width and frequency. 
The type and number of layers remain, however, unchanged, the modification being 
merely a refinement of a pre-existing structure (Fig. 5.6). 

It has been suggested that, ontogenetically, haemochorial placentation is devel¬ 
oped via epitheliochorial and endotheliochorial stages (Amoroso 1952). However, 
this is only approximately true even at the invading front of the (usually syncytial) 
trophoblast because of the speed and lack of any synchrony in the development. 
There is no stage at which there is a significant area of (for instance) endotheliocho¬ 
rial placental structure in human or rodent haemochorial development. Behind the 
invading ‘front’ the definitive placental structure is immediately established and 
apart from ‘fine tuning’ in respect of diffusion distances no change in basic or 
definitive structure subsequently occurs, merely an increase in area. This again 
emphasizes that the different placental types are equally successful solutions to a 
particular cluster of environmental pressures. If one type of chorioallantoic placenta 
was more efficient, as the demands of the fetus increased it might be expected that 
this type would predominate since the placental area is growing continuously after 
establishment until term and thus is susceptible to continuous modification. 

The definitive placental structures may thus be defined as those found in the 
main placenta close to term. Accessory placental structures should also be consid¬ 
ered although they do not normally constitute a significant proportion of the total 
area. In the bovine placentomal placenta, for example, the interplacentomal area 
represents less than 2% of the total area available for exchange at term (Baur 1972) 
but it may have an essential functional role. 


1.5 Types of Yolk Sac Placentation 

Four basic yolk sac types can be characterized by reference to the origin of the fetal 
cellular layers they present to the maternal tissues. The association with the mater¬ 
nal tissues is rarely as close as in the chorioallantoic placenta, absorption being 
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from the fluid (usually uterine) at the fetal surface. The fetal layers are different in 
each of the four categories and serve as important if usually transient sites of physi¬ 
ological exchange between mother and fetus. 


1.5.1 Bilaminar Yolk Sac or Bilaminar Omphalopleure 

This is present in all species initially as the layers surrounding the yolk or forming 
the blastocyst (Fig. 1.1). The trophoblast forms the outermost layer and there are 
ultrastructural indications of absorption by endocytosis. Delayed implantation blas¬ 
tocysts can survive up to 6 months at this stage in the uterine lumen. The trophob¬ 
last is usually cellular but may also form a syncytium and initiate implantation as 
in lagomorphs. The pole opposite the embryonic disc may persist as a functional 
yolk sac zone to term in marsupials and some insectivores (Fig. 1.3). 


1.5.2 Trilaminar Yolk Sac (Trilaminar Omphalopleure 
or Choriovitelline Placenta) 

The central mesoderm is richly vascularized and the external trophoblast usually 
forms an intimate apposition with uterine tissues so a true placenta is formed. This 
arrangement is found in certain fish (Figs. 3.1 and 3.2), reptiles (Fig. 3.3) and mar¬ 
supials (Fig. 4.1) as the major placental structure. Eutherians frequently develop an 
area of this structure which may be important at early stages of development fol¬ 
lowing implantation but never persists as a functional structure to term (Fig. 1.2). 
The external trophoblast is usually cellular, but occasionally this forms a syncytium 
also, for example at implantation in carnivores. Monotremes and marsupials 
(Metatheria) typically have exclusively cellular bilaminar and trilaminar areas 
which persist to the time of release from the egg or term (Fig. 4.1). The bilaminar 
areas show intracellular structures indicating endocytotic uptake, while the trilaminar 
areas are structured to minimize the diffusion distance between fetal and maternal 
circulations, thereby facilitating respiratory exchange (see Chap. 2). 


1.5.3 Incomplete/Partially Inverted Yolk Sac 

Invagination of the yolk sac sphere to form a cup brings the vascularized endoder- 
mal top (or embryonic) half of the sac against the outer non-vascularized bilaminar 
half, obliterating the yolk sac lumen (Fig. 1.3). The bilaminar segment may persist 
up to term in some insectivores, bats and rodents but usually thins and degenerates 
before this. A characteristic of the bilaminar segment is the presence of a robust 
acellular membrane - Reichert’s membrane - between trophoblast and endoderm 
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(Fig. 1.3). In many cases this is the only continuous layer of the three. In the rat it 
is probably composed of basement membrane material produced by the endoder- 
mal layer (Fatemi 1987; Mazariegos et al. 1987). The trophoblast may transform 
into a discontinuous giant cell layer and invade the endometrium as in the rat and 
mouse or persist as a columnar epithelium as in the squirrels (Fig. 1.2). There is no 
firm evidence that the bilaminar layer acts as anything other than a coarse filter 
between the mother and fetus. Large protein molecules pass across freely. The top 
segment of the yolk sac does function as a barrier with selective transport capability 
as described below. 


1.5.4 Completely Inverted Yolk Sac 

In many rodents, insectivores and bats the bilaminar segment of the yolk sac is 
either never formed or disappears at an early stage. This exposes the vascular¬ 
ized columnar endodermal cell layer (‘inverted yolk sac’, see Fig. 1.3) to the 
uterine lumen or endometrium. A number of studies have demonstrated selec¬ 
tive absorption and transmission of proteins across these cells (Bainter 1986; 
Brent and Fawcett 1998), which are sealed at their apices by tight junctions. 
This is the main route for transfer of intact maternal immunoglobulins for fetal 
immunoprotection in rodents, rabbits and guinea pig. There is no evidence that 
their coexistent chorioallantoic placentas have any similar function. Conversely 
in primates the chorioallantoic trophectoderm is the immunoglobulin transport¬ 
ing epithelium and the yolk sac although important for general nutrient uptake 
in the first trimester (see Sect. 1.5.5 below) regresses and has no function after 
12 weeks of pregnancy. 

There is a considerable range of elaboration of the ‘inverted’ endodermal layer 
in the various orders from a simple and loose association with a flat uterine epithe¬ 
lium (mouse, rat) to a profusely branched villous array very closely apposed to 
corresponding uterine projections - a true placental structure only found so far in 
one rodent, Perognathus (Mossman 1987). Such placentas play an essential role in 
early to mid gestation but probably only a subsidiary role during later gestation. 

Another region with a specialised function is the “intraplacental yolk sac or 
“sinus of Duval” area in rats and mice where the yolk sac is carried into the fetal 
base of the chorioallantoic placenta as narrow sleeves around the initial branches of 
the umbilical vessels. This brings the yolk sac epithelium close to the maternal 
blood inflow channels in the chorioallantoic placenta. This yolk sac region has 
recently been shown (Kovacs et al. 2002) to be a major site for calcium ion trans¬ 
port between mother and fetus, 90% of which occurs in the final five days of preg¬ 
nancy. Over the same period the amount of the 9kD calcium binding protein, a 
marker of calcium transport, increases by one hundred and thirty times in the intra¬ 
placental yolk sac cells (Mathieu et al. 1989; Glazier et al. 1992) and the area also 
increases (Ogura et al. 1998). Hormones and receptors involved in calcium trans¬ 
port are also concentrated in this region (Kovacs et al. 2002). 
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1.5.5 The Situation in Man and Higher Primates 

In man the secondary yolk sac never makes contact with the chorion, being sepa¬ 
rated by the extensive exocoelomic cavity (Fig. 1.2). Consequently, a choriovitelline 
placenta is never formed in the classical sense, and it has generally been assumed 
that the yolk sac plays no role in nutrition of the early embryo. However, the 
outer mesodermal layer of the yolk sac possesses all the morphological fea¬ 
tures of an absorptive epithelium (Enders and King 1993), and the recent 
demonstration of the presence of specific transport proteins indicates that it 
may serve an important function (Jauniaux et al. 2004). Furthermore, the exo¬ 
coelomic fluid is rich in amino acids and other nutrients (Jauniaux and Gulbis 
2000), Thus in higher primates there may be a physiological choriovitelline 
placenta, although not an anatomical one. 


1.6 Types of Chorioallantoic Placentation 

In the chorioallantoic placenta throughout gestation the outermost fetal layer is 
invariably the trophoblast (synonyms; ‘trophectoderm’ or ‘chorion’ if in association 
with somatopleuric mesoderm on its inner side) or a trophoblast derivative. It is a 
remarkably versatile epithelium showing great capacity for invasion, cell fusion, 
hormone production, specific nutrient absorption, selective transport, active metab¬ 
olism and ability to resist maternal immunological attack. 


1.6.1 Cyto- and Syncytiotrophoblast 

All trophoblast is initially cellular. In endotheliochorial and haemochorial placentas 
this cytotrophoblast produces a continuous mantle of syncytiotrophoblast by divi¬ 
sion and fusion of some of its daughter cells into an overlying syncytium. 
Subsequent division of the residual cytotrophoblast provides one cell for fusion into 
the syncytium and the other persists as a stem cell for the syncytium. In haemocho¬ 
rial placentas the daughter cells may develop into individual giant cells which can 
migrate into the maternal tissues; in synepitheliochorial placentas they may differ¬ 
entiate into binucleate cells which form fetomaternal syncytia with uterine epithe¬ 
lial cells throughout pregnancy. 

Evidence from in vivo and in vitro growth studies shows that syncytiotrophob¬ 
last can form only by fusion of cytotrophoblast cells. No nuclear division has ever 
been clearly demonstrated in placental syncytium in any species. The fusion process 
requires expression of fusogenic proteins (probably derived from endogenous ret¬ 
roviral genes) as the initiators of a sequence of fusion into and differentiation of a 
fully functional syncytium. In long pregnancies the sequence may be completed by 
compaction and aggregation of aged nuclei and their removal by localised syncytial 
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fragmentation - producing “syncytial knots” in man (Boyd and Hamilton 1970; 
Potgens et al. 2002; Black et al. 2004). 

In the human placenta all the syncytial nuclei investigated were shown to be 
diploid, whereas the cytotrophoblast nuclei ranged from diploid to tetraploid as 
would be expected of a dividing cell population (Galton 1962). However Klisch 
et al. (2000) have shown in the ruminant synepitheliochorial placenta that the 
binucleate cells which form from cytotrophoblast become polyploid before they 
form the maternofetal syncytium characteristic of this type. 

The formation of syncytiotrophoblast exclusively from cytotrophoblast means 
the latter needs to be available throughout pregnancy to provide for the enormous 
increase in area found in all placentas examined. In most haemomonochorial pla¬ 
centas the cytotrophoblast (which lies between the syncytiotrophoblast and its 
basement membrane) is discontinuous from an early stage but is always available 
to support expansion. Cytotrophoblast may also be found in layers or cell aggre¬ 
gates usually close to the junction of the placenta with the endometrium for exam¬ 
ple the cytotrophoblast shell in the human or the spongiotrophoblast in the mouse. 
Where the cytotrophoblast itself forms the (cellular) haemomonochorial placenta, 
growth in area is by simple division [in Zapus the jumping mouse (Fig. 8.20b), 
Tadarida, a bat (Fig. 1.8d), and hyrax (Fig. 8.20a)]. 

Haemodichorial placentas (rabbit; Chap. 3.6.4) can theoretically accommodate 
expansion once formed as long as one layer has some cellular constituents which 
can divide and fuse into either layer to support growth (Figs. 76, 81 and 98). 
However, there is no experimental evidence for the production of one layer from 
the other and the relationship between the two is very different from that between 
cyto- and syncytiotrophoblast in the haemomonochorial placenta. 

In the haemotrichorial placenta, of which all so far investigated have two inner 
syncytial layers and one outer cellular layer in contact with maternal blood (Figs. 
76 and 100) (Enders 1965; King and Hastings 1977), there is a similar growth 
problem. No evidence for any contribution from the cellular layer to the adjacent 
syncytial (middle) layer has been reported. There is good evidence that the three 
layers are initiated at the very start of labyrinth development (Carpenter 1972) and 
that there is an enormous increase in area of all three layers as this chorioallantoic 
placental labyrinth grows. To support this growth it seems likely that in both 
haemodi- and trichorial placentas each syncytial layer grows independently from 
occasional persistent cellular insertions or interruptions. In the absence of evidence 
for any nuclear division in the syncytium this is the simplest hypothesis but requires 
more definite confirmation than the occasional observations currently available 
(Davies and Glasser 1968; Metz 1980). 

Once formed, the haemochorial placentas show increasing attenuation of their 
constituent layers as pregnancy progresses, as do all other types of placenta. Near 
term all show areas of trophoblast, syncytial or cellular or both, which are so thin 
that organelles are excluded (Figs. 8.7 and 8.15). These areas usually overlie deeply 
indenting fetal capillaries and, presumably, greatly facilitate rapid fetomaternal 
exchange (Mayhew et al. 1986). The trophoblast also has a considerable capacity 
for endocytotic uptake of non-diffusible molecules, and the normal ultrastructural 
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marker for this is coated vesicle formation from caveolae at the relevant plasmalemma. 
In di- and trichorial placentas caveolae are only found on layer II, and not on the 
loosely apposed fenestrated layer I, which is bathed in maternal blood. Layer 1 
forms no barrier to serum or tracer molecules but does provide a baffle plate slow¬ 
ing down blood flow and producing relatively static regions immediately adja¬ 
cent to layer II, which may, according to Enders (1965), facilitate endocytosis. 
Other regions of trophoblast past which maternal blood flow would be sluggish 
(judging by blood space architecture) also have a high incidence of coated vesicles. 
In many haemomonochorial placentas a lattice of narrow subsurface intrasyncytial 
channels is found, and this is in continuity with the maternal blood space (Figs. 1.8a-d 
and 8.21; Enders 1982).Coated vesicles form from these channels, which may rep¬ 
resent an alternative method of providing a static blood serum reservoir for efficient 
absorption. The channels may be derived initially from the basement membrane of 
the maternal endothelium, which is displaced by syncytiotrophoblast invasion start¬ 
ing soon after implantation. Subsequently, however the syncytium must synthesize 
the fibrogranular content since the channels persist and grow in extent as the syn¬ 
cytium increases in area throughout gestation. 

In the bat, Myotis, autoradiographic studies indicate that the structured glyco¬ 
protein/carbohydrate material in the channels (Fig. 8.21) is synthesized by the 
syncytium (Cukierski 1987). So far in all cases save one, the intrasyncytial chan¬ 
nels form a closed system accessible only from the maternal blood space. The 
exception is the bat Tadarida, in which the channel content is clearly continuous 
with the basement membrane of the fetal syncytiotrophoblast (Fig. 1.9). 

Whether this forms a continuous conduit from maternal blood to fetal connective 
tissue remains to be determined. 

The fibrillogranular material in the channels is analogous in origin and appear¬ 
ance to the interstitial layer (‘membrane’) found at the syncytial surface of the 
endotheliochorial (carnivore) placenta (Figs. 7.8a, 7.9). Although normally super¬ 
ficial, this interstitial layer is frequently penetrated by syncytiotrophoblast proc¬ 
esses. A function exclusively as a fetomaternal barrier therefore seems unlikely and 
further functions relevant to transport seem feasible. This penetration of the inter¬ 
stitial layer is also seen in the cellular endotheliochorial placenta found in the ele¬ 
phant (Wooding et al. 2005c) 

The continuity of a syncytial layer is considered to provide a better barrier to 
potentially harmful maternal cells and molecules than a cellular layer linked by 
tight junctions. The rarity of cellular haemomonochorial placentas supports this 
conclusion, but their existence again emphasizes the lack of any unique advantage 
of a syncytium. 

In haemodi- and trichorial placentas the layers are linked by occasional tight junc¬ 
tion remnants, frequent desmosomes and extensive gap junctions (Fig. 8.7) (Metz 
et al. 1976, 1978). The tight junctions may be remnants of those which linked the cells 
from which the syncytium formed and the desmosomes are needed to maintain the 
relationship between the layers. Gap junctions are normally considered to function by 
allowing the unimpeded passage of molecules below a certain size and thus to link 
cells electrically for synchronous activity (uterine smooth muscle, for example). It 
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has been suggested that in this placental context the gap junctions facilitate metabolite 
transfer across the layers. Tracer studies with lanthanum chloride and horseradish 
peroxidase clearly show that the healthy syncytial layers completely prevent transport 
in either direction of molecules of this large size (Aoki et al. 1978; Metz et al. 1978), 
However Shin et al. (1997) have suggested an important role for gap junctions in 
transport of the essential glucose molecule from mother to fetus and transport of such 
small molecules by this route seems plausible. 

Although the syncytiotrophoblast shows no nuclear division it is very active in 
metabolism, synthesis and secretion. In man it has been shown to produce a wide 
variety of steroids and proteins including interferons (Bulmer et al. 1990) and sev- 
eralhormones(Fig. 8.16),invivoandinvitro(Pattilloetal. 1983). Syncytiotrophoblast 
in other groups contains an equivalent highly developed range of organelles and so 
may be supposed to play an equally important metabolic and endocrinological role. 
However, great care is needed when extrapolating between species. For example, in 
the mouse the syncytial layers do not synthesise steroid hormones or a chorionic 
gonadotropin (Malassine et al. 2003). 

Immunologically the syncytiotrophoblast surface facing the maternal blood in 
man and in mouse (the only two species investigated in detail so far) seems inert 
with no clear demonstration of any major histocompatibility complex (MHC) 
determinants. It has been suggested (Billington and Bell 1983) that MHC antigen 
expression is obligately linked to cell division so that formation of a non-dividing 
layer would be one way of eliminating this expression with its attendant hazards. 

Several advantages of a fetal syncytium in a placental context have been sug¬ 
gested: its plastic invasiveness; its synthetic versatility and capacity to secrete 
directly into the maternal compartment; its ability to form a continuous selective 
barrier which can include a considerable degree of regional differentiation or atten¬ 
uation; and its immunological unresponsiveness and its inability to proliferate even 
if nucleus- containing fragments are released into maternal blood as they are in the 
human (Covone et al. 1984). However, there are examples of cellular trophoblasts 
which apparently perform just as well, so that syncytial change does not seem to be 
a prerequisite for successful placentation. Its widespread occurrence does argue 
that it may be better suited for carrying out the multifaceted requirements of a pla¬ 
centa than is a cellular system. 


M - 

Fig. 1.8 (a-d) Hemomonochorial placentas with intrasyncytial lamellae (ISL, asterisks ). In (a) 
the carnivore, Hyena and in (b) the sciuromorph rodent Marmot, the lamella ( asterisks) is fre¬ 
quently open ( arrows ) to the maternal blood space (M) but no connection to the basement mem¬ 
brane (arrowheads) has been reported. In the sciuromorph Chipmunk (c) the ISL ( asterisk) is only 
open (arrow) to the maternal blood space (M) but not to the basement membrane (c, arrowhead) 
In (d) Tadarida, a Molossid bat, the ISL (asterisk) and basement membrane (arrowhead, b) are 
continuous (double arrowhead) but here there is no evidence for any connection of the ISL 
directly to the maternal blood space (M). F, fetal capillary, (a) Hyena, midpregnancy; x 16,000, (b) 
Marmota, late pregnancy; xl5,200. (b) from Enders (1965), (c) Chipmunk, late pregnancy; 
x21,500, from Enders (1982), (d) Tadarida, late pregnancy, x!2,000, from Stephens (1969) 
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Fig. 1.9 Drawings of the development of decidual and placental tissue in the mouse all at the 
same magnification, based on Bell (1983) and Rugh (1975) 


1.6.2 Giant Cells 

Mononuclear giant cells are characteristic of rodent placentation and are formed 
from the surface cytotrophoblast of the conceptus during implantation and preg¬ 
nancy. They are phagocytic and invasive and initially play an important role in 
enlarging the implantation chamber by eroding the superficial endometrial and 
decidual tissue including the capillary endothelium. Subsequent to implantation 
they form a loose sheath two to five cells thick around the conceptus through the 
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interstices of which, on the antimesometrial side where they form the outer layer of 
the bilaminar yolk sac, maternal blood circulates. They are characteristically, 
though not exclusively, large (50-100|im diameter) with large polyploid nuclei 
(16-32N, but 850N has been reported) (Barlow and Sherman 1972; Ilgren 1983). 
Visualization of individual chromosomes indicates that the giant cells usually only 
have the diploid number but each chromosome consists of multiple unseparated 
copies of its own DNA. This is polyteny rather than polyploidy and the distinction 
may have important functional consequences (Snow and Ansell 1974; Bower 1987; 
Varmuza et al. 1988). 

No evidence has been observed for cell division in giant cells with or without 
prior colchicine treatment. Incorporation of radioactive thymidine into giant cell 
nuclei is considered to be evidence of endomitosis, DNA replication without sub¬ 
sequent cell division. 

Primary giant cells are defined as trophoblast cells which transform during and 
just after implantation on the antimesometrial and lateral (mural) aspects of the 
rodent blastocyst external to Reichert’s membrane. Secondary giant cells are 
formed a little later from the edge of the trophoblastic ectoplacental cone 
(M.H. Kaufmann 1983). This is situated mesometrially and is a thickened cytotro- 
phoblastic cellular plate which develops into the chorioallantoic placenta, produc¬ 
ing from its growing edge secondary giant cells which form a layer between 
spongiotrophoblast and the decidua (Figs 1.8; 8.8). 

There is great variation between rodent and lagomorph families in giant cell 
production, with murine rodents showing the largest and most characteristic 
forms. Their ultrastructure is unspecialized apart from the massive nucleus and 
quite different from the adjacent spongiotrophoblast (Fig. 8.8, rabbit). They 
frequently show evidence of phagocytosis, have little glycogen, contain both 
rough and smooth endoplasmic reticulum and a small Golgi apparatus. No cell 
junctions to other cells have been reported (Jollie 1969; Kaufmann 1983). The 
secondary giant cells form the boundary of the developing chorioallantoic pla¬ 
centa and are central to the selective invasion and phagocytotic erosion of the 
maternal tissues and remodelling of the maternal vasculature essential for 
implantation and subsequent chorioallantoic placental growth. They also form 
the only layer in one haemomonochorial placenta, that of Zapus (jumping 
mouse) (Figs. 8.4 and 8.20b). 

Another important giant cell role throughout pregnancy is to secrete a remarka¬ 
ble range of paracrine and endocrine effectors which control placental growth and 
development and maternal reactions to pregnancy. They produce a wide and chang¬ 
ing variety of Prolactin family hormones (Hall and Talamantes 1984; Soares et al. 
1991; Yamaguchi et al. 1992; Soares et al. 1996, 2006; Simmons et al. 2007), ster¬ 
oids (Deane et al. 1962), angiogenic and vasodilatory factors and decidualisation 
stimuli(see refs in Simmons et al. 2007). 

Rodent giant cells are immunologically specialized in expressing none of the 
MHC determinants on their plasma membranes (Lala et al. 1983) and could there¬ 
fore represent an immunologically neutral buffer zone when they form a continuous 
shell around the conceptus in early pregnancy. 
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The primary and secondary giants described above are found at the edge of 
the placenta adjacent to the endometrium. Simmons et al. (2007) have recently 
identified three other populations of cells within the mouse placenta in the 
second half of pregnancy which are mononucleate, polyploid and produce 
hormones of the Prolactin family indicating the versatility of the giant cell 
lineage (Sect. 1.7.5.4). 

In humans all so-called ‘giant cells’ found in the maternofetal interface junction 
zone are in fact minisycytia. They produce placental lactogen and chorionic gonado¬ 
tropin and are probably formed by fusion of the diploid extravillous invasive ‘inter¬ 
stitial’ trophoblast cells found throughout the decidua (Hoffmann and Wooding 1993; 
Al-Lamki et al. 1999). These extravillous trophoblast cells do express the fusogenic 
endogenous retroviral protein, syncytin (Frendo et al. 2003). 

Other genera, notably the (syn)epitheliochorial type, have specialised popula¬ 
tions of large hormone producing trophoblast cells such as the binucleate/giant cells 
in ruminants (producing ruminant placental lactogen and steroids (Wooding 1992)); 
the binucleate chorionic girdle/endometrial cup cells in equids (equine chorionic 
gonadotropin (Allen and Stewart 2001)); and the giant cells in camelids (steroids. 
Wooding et al. 2003)). All “giant” cells produce hormones to facilitate maternofetal 
accommodation and many share other characteristics such as migratory ability 
poyploidy, and MHC nonexpression with the rodent Giants but there are considera¬ 
ble differences and these will be detailed in later sections. 


1.6.3 Spongiotrophoblast 

Rodent and Lagomorph placentas usually have a definite zone between the giant cell 
layer and the base of the labyrinth referred to as the ‘spongiotrophoblast’, ‘trophospong- 
ium’ or ‘junctional zone’. The tissue, cellular in mouse and rat, syncytial in the rabbit and 
guinea pig (Figs. 1.6 and 1.7), forms channels draining the maternal blood from the pla¬ 
centa but fetal capillaries do not penetrate into it (Figs. 8.1, 8.5 and 8.8). 

The spongiotrophoblast is derived from the outer layers of the original ecto- 
placental cone and contains stem/pluripotent cells which produce the giants and 
the basic trophospongioblast layer including occasional small aggregates of gly¬ 
cogen cells. Like the giant cell layer the spongiotrophoblast is perfused by mater¬ 
nal blood from a very early stage of chorioallantoic placenta formation. This is 
an excellent location from which to secrete fetal hormones or other effector mol¬ 
ecules solely into the maternal circulation and the spongiotrophoblast has been 
shown to produce a wide range of Prolactin like proteins (Ain et al. 2003; Soares 
et al. 2006). Mossman (1987) suggests that it is homologous with the cytotro- 
phoblastic shell at the base of the placental disc in primates. An immunological 
role has been postulated because in rat, mouse and man trophoblast in this posi¬ 
tion is said to bear MHC antigens absent from the vast bulk of the haemochorial 
placental syncytiotrophoblast (Faulk and Hsi 1983; Kanbour et al. 1987), 
although there are dissenting voices (Chatterjee et al. 1982). 
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1.6.4 Invasive and Endovascular Trophoblast 

The main effectors of the endometrial arterial remodelling essential for successful preg¬ 
nancy in the hemochorial placentas, including mouse man and rat, are the invasive 
cytotrophoblast cells from the margin of the placenta which infiltrate the decidua and 
migrate into the mouths of the decidual arteries. Unlike the rest of the trophoblast, these 
cells express MHC subsets G, C and E and a unique range of cytokines and receptors 
(see Chap. 9.1; Hanna et al. 2006; Hannan et al. 2006). The remodelling consists of 
replacing the elastic layers in, and the muscle sheath around the decidual and spiral arter¬ 
ies producing widened channels lined with fibrinoid. Such channels can provide the ever 
increasing volume of maternal blood at a lower pulse pressure required by the placenta 
in the second half of pregnancy. Decidualisation initiates the changes: the swelling and 
disorganisation of the muscle and elastic layers. This is then reinforced by cytotrophob¬ 
last cells migrating into the wall from the arterial lumen (endovascular) and/or from the 
surrounding decidual tissue (interstitial). 

The cytotrophoblasts are involved in the elimination of the endothelium and the 
elastic and muscle layers of the arteries, replacing them eventually with cytotrophob¬ 
last cells and their syncytial derivatives dispersed between tubular lamellae of fibri¬ 
noid and lining the lumen. Regulation of this process depends on complex interactions 
between invading cytotrophoblasts, uterine Natural Killer (uNK) and other immune 
cells in the decidua and their cytokine and endocrine networks (Saito 2000; Moffett- 
King and Loke 2006). The regulation is as yet little understood and there are consid¬ 
erable differences of detail between remodelling in the mouse, rat and man (Ain et al. 
2003; Caluwaerts et al. 2005; Pijnenborg et al. 2006). For example, in mice the 
remodelling is mostly by interstitial cytotrophoblast and limited to the shallow decid¬ 
ual zone, but in rat and human both interstitial and endovascular remodelling is 
extended well into the myometrial spiral arteries in the second half of pregnancy. In 
Knock Out mice lacking uNK cells there is no remodelling and pregnancy is deleteri- 
ously affected (Cray et al. 2006), whereas in the potentially lethal human condition 
preeclampsia, characterised by little remodelling, an increased number of uNK cells 
has been reported. In humans there is blocking of the mouths of the partially eroded 
arteries for as long as the tenth to twelfth week of pregnancy by plugs of extravillous 
cytotrophoblasts. This prevents circulation of blood through the placenta in the first 
trimester favouring the low oxygen environment necessary for early development of 
the conceptus. Removal of the plugs allows blood to flow and completion of the 
remodelling at the start of the second trimester. There is a similar arterial blocking by 
cytotrophoblast in the Rhesus and Baboon (Enders and King 1991) but this block is 
removed by 28-30 dpc (Blankenship and Enders 2003). This is at -18% of pregnancy 
length compared with -33% in human. 

The endovascular cytotrophoblast (EVT) is remarkably invasive in several bat 
species (Badwaik et al. 1998; Badwaik and Rasweiler 2000). In Molossus ater 
interstitial invasion produces individual cells and aggregates deep in the decidua 
and between the maternal vessel endothelium and basement membrane right 
through the myometrium layer. The EVT cells have even been identified immuno- 
cytochemically in the corpus luteum stroma. 
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In the bat endometrium the arteries “dilate tremendously” when the discoid 
placenta they supply is functional in the second half of pregnancy (Badwaik and 
Rasweiler 2000). 


1.6.5 Fetomaternal Hybrid Syncytiotrophoblast 

There is good evidence for fetomaternal cell fusion in three cases so far. Such 
hybrid tissue persists only briefly at rabbit implantation and in the chorioallantoic 
placenta of the marsupial Perameles (bandicoot) but is formed from implantation to 
term in all ruminants so far investigated. 

In rabbit the blastocyst trophoblast forms a fetal syncytial ‘peg’ which fuses with 
a uterine epithelial cell or syncytium formed from the uterine epithelium (Fig. 2.2) 
(Larsen 1961; Enders and Schlafke 1971a). By this means the blastocyst gains 
access to the endometrium to initiate formation of the chorioallantoic placenta. The 
maternal nuclei in his hybrid syncytium are said to disappear rapidly (although this 
aspect has not been closely studied) and the fetomaternal fusion is seen simply as 
a means of penetrating the uterine epithelial barrier. 

Perameles is one of the few marsupials to develop a chorioallantoic placenta, and 
this forms only in the last 3 days of a 12 day gestation. At this stage the uterine epi¬ 
thelium consists of syncytia of limited extent (plaques), each containing several iden¬ 
tical small nuclei. It is apposed to trophoblast cells each with a morphologically very 
different, large nucleus. Subsequently, the cellular trophoblast disappears and the 
syncytial plaques are found to contain both sizes and sorts of nuclei (Figs. 4.1,4.2 and 
4.3) (Padykula and Taylor 1976). No direct ultrastructural evidence for fusion of the 
apposed cellular and syncytial layers have been observed but this is the simplest 
explanation. The fusion allows the fetal and maternal blood capillaries to approach 
much more closely (see Figs. 4.1, 4.2 and 4.3). The postulated fetomaternal tissue 
persists for the last 2 days of gestation when the fetus grows at a very rapid rate. 

Fetomaternal fusion in ruminants is a much more persistent phenomenon 
(Wooding 1992; Chap. 6). Binucleate cells develop in the predominantly uninucle¬ 
ate trophoblast just prior to implantation. They form 15-20% of this layer through¬ 
out gestation. When mature (i.e. with a full complement of their characteristic 
granules) they migrate out of the trophectoderm and fuse with the apposed uterine 
epithelium to produce a transient trinucleate cell(cow) or persistent fetomaternal 
syncytium(ewe) at the interface with the maternal endometrium (Figs. 6.1, 6.4 and 
6.5). This process continues throughout pregnancy (Fig. 6.2), contributing to an 
integral layer of the placenta and/or delivering to the maternal tissue the granules 
which contain placental lactogen among other constituents (Fig. 6.2). Further 
details and a discussion of the relevance of this system can be found in Chap. 6 on 
synepitheliochorial placentation below and Wooding (1992). Other examples of 
fetomaternal fusion may well occur in other placentas, but without unequivocal 
markers it is difficult to recognize and verify such unexpected events. 
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1.7 Decidual Tissue, Structure and Functions 
1.7.1 Origins of Decidua 

Decidual tissue is characteristically found in those species with invasive, haemo- 
chorial placentation. It was initially defined as that part of the maternal 
endometrium which was shed at parturition. However, at partus little is left of this 
complex tissue which is now known to play a vital role from the start of success¬ 
ful conceptus development, and the definition has been widened considerably to 
take account of this (Fig. 1.9; Bell 1983; Kearns and Lala 1983; Lala et al. 1983; 
Glasser 1990). 

By definition decidual cells are produced by steroid hormone-dependent divi¬ 
sion, enlargement and differentiation of maternal uterine stromal fibroblasts 
(Glasser and McCormack 1980; Tarachand 1986). They form decidual cell zones 
separating the invasive trophoblast from the myometrium in the hemochorial pla¬ 
centas of insectivores, bats, rodents, lagomorphs and anthropoids (Wynn 1967). 
Less developed zones are also reported in the minimally invasive synepitheliochorial 
ovine placenta (Johnson et al. 2003). In hemochorial placentas the areas are most 
prominent in early stages of pregnancy but vary considerably in extent in the 
different genera. In man there is a very extensive development, but in the closely 
related baboon the initial decidualization is morphologically much less obvious 
(Ramsey et al. 1976), but all primates have recogniseable decidua by mid¬ 
pregnancy (Enders 1991). 

Decidualisation involves increased gland secretion and the stromal decidual 
cells can produce a wide range of hormones, cytokines, growth factors and immu¬ 
nomodulatory molecules involved in the recruitment of the limited but specific 
immune cell populations and development and growth of the placenta (Jones 
et al. 2006a,b). 

In most primates together with Phyllostomid and Molossid bats decidualisation 
starts before fertilisation and the tissue is shed in non pregnant cycles. 

In most other mammals decidual development is initiated by the arrival of a 
blastocyst or some artificial stimulus (oil drop, suture thread, electrical stimulation) 
in the hormonally primed (oestrogen plus progesterone) uterine lumen and follows 
a specific sequence (Fig. 1.9). 

In rodents the antimesometrial decidual cells develop first and form a very compact 
avascular zone which excludes most blood proteins from the uterine lumen containing 
the implanting conceptus (6-9dpc) (Parr and Parr 1986; Parr et al. 1986; Christofferson 
and Nillson 1988). Subsequently, the more loosely packed mesometrial decidual cells are 
closely involved in the fetomatemal interactions as the trophoblast invades to form 
the hemochorial placenta (8-12dpc). Proliferation of the blood sinuses in the decidualiz- 
ing mesometrial uterine stroma also facilitates placental growth (7-11 dpc). The areas 
of decidual cells rapidly increase from the uterine lumen outwards but not necessarily 
as far as the myometrium and the extent can be conveniently visualized by 
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the characteristic presence of alkaline phosphatase and periodic acid-Schiff (PAS) reac¬ 
tivity in the decidual cells (Bell 1983). 

The decidual zone also contains a changing and essential population of immune cells 
significantly different from that in the non pregnant endometrium (Clark 1985a). In 
humans in early pregnancy in the deciduas basalis, immune cells form 40% of the total 
cells. 70% of these immune cells are uterine Natural Killer (uNK) cells, with 18% 
macrophages, 10% T lymphocytes, 2% dendritic (antigen presenting) cells and an occa¬ 
sional B lymphocyte. Rodents have similar concentrations of equivalent cells with 
uNKs (often referred to as large granular lymphocytes, LGL) the most frequent (Sargent 
et al. in press). 

As the chorioallantoic placenta develops, invasive trophoblast cells become an 
increasingly important part of the decidual cell spectrum. 

Maximum development of the decidual cell populations occurs early in preg¬ 
nancy, eventually occupying most of the considerably expanded uterine stroma 
and in mice and rats, completely surrounding the conceptus (Welsh and Enders 
1985). In some mammals the decidua includes newly developed blood vessels 
which play an essential roles in placental growth and development. In rodents 
the scattered meshwork of capillaries in the decidual zone is the site for placen¬ 
tal labyrinth development (Adamson et al. 2002). In the bat Molossus ater a 
tight meshwork (or tuft) of capillaries forms immediately under the uterine 
epithelium and this is enveloped by the invading cytotrophoblast to form the 
framework for development of the discoid chorioallantoic placenta (Badwaik et 
al. 1998). 

Decidual cell division largely ceases in early to midpregnancy and the decidual 
cell zone is continually reduced by stretching and by programmed cell death. This 
loss of the decidual cells facilitates the expansion of the conceptus and growth of 
the placenta, and at term it forms only a thin layer at the base of the placenta 
through which the placenta separates (Fig. 1.9). 

There is increasing evidence for a variety of functions for the decidua at different 
stages of haemochorial pregnancy: initially to produce new decidual blood vessels 
which act as templates for placental growth, and then as a physical and/or immu¬ 
nological barrier, a nutrient source, a hormone producer and a facilitator of placen¬ 
tal growth and eventual release. 


1.7.2 Deciduoma 

The decidual tissue formed in response to an artificial stimulus is called a decidu¬ 
oma, and is grossly similar to that induced by a blastocyst but has fewer regional 
specializations and with no arterial modifications (Wadsworth et al. 1980; O’Shea 
et al. 1983; Herington and Bany 2007). Deciduomas regress spontaneously in mice 
and rat even if pregnancy is mimicked by maintaining the progesterone level artifi¬ 
cially. This indicates that cells of the deciduoma have a predetermined life span and 
undergo apoptosis (programmed cell death) rather than necrosis. 
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1.7.3 Decidualization and Menstruation 

The hormonal changes preceding ovulation produce correlated changes in the 
uterine stroma and epithelium. Usually such changes are restricted to tissue 
oedema and structural changes in the uterine epithelial cells (in ruminants and 
carnivores, for example). However, in humans and Old World monkeys the cyclic 
changes include considerable stromal to decidual cell development and vascular 
proliferation to elongate the spiral blood vessels. The subsequent cell necrosis 
and haemorrhage in this tissue as the progesterone level drops produces the 
menstrual discharge (Ramsey 1982). The instructive similarities between men¬ 
struation, inflammation and decidualization have been pointed out in excellent 
reviews by Finn (1986) and Jones et al. (2006a, b). 


1.7.4 Decidual Cell Structure 

1.7.4.1 Stromal Cells 

The majority of decidual cells develop from the division in the endometrial stroma of 
irregularly shaped fibroblast-like cells with little cytoplasm and few organelles. 
Decidualization starts with the blood vessel pericytes in rabbits and humans and subepi- 
thelial stromal cells in rodents and characteristically involves a considerable increase in 
cell size (Amoroso 1952; Mossman 1987). The cytoplasm may develop meshworks of 
intermediate filaments, many free ribosomes, much glycogen and/or lipid droplets and 
numerous gap junctions with adjacent decidual cells. Different areas (see Fig. 1.9) also 
display their own characteristics. In rats and mice, antimesometrial decidua have very 
large closely packed cells, frequently binucleate or polyploid, with well-developed 
rough endoplasmic reticulum and Golgi apparatus and a low level of glycogen and/or 
lipid stores. Mesometrial decidual cells are smaller, more irregularly shaped and uninu¬ 
cleate, usually with rather more glycogen. Lateral decidual cells, among the rapidly 
expanding blood sinuses, have massive amounts of glycogen and are only occasionally 
binucleate (Welsh and Enders 1985; Parr et al. 1986). 

In man there is a comprehensive decidualization throughout the uterine stroma 
but with less regional specialization than in rodents (Wynn 1974; Schiebler and 
Kaufmann 1981). There are three main types of human decidual cells. There are 
numerous ‘small predecidual’ swollen fibroblasts (50pm x 5 pm) which have an 
equivalent low level of cytoplasmic organelle development and frequent ‘large 
undifferentiated’ decidual cells (100pm x 25 pm). Scattered among these two pre¬ 
dominant types are Targe differentiated’ decidual cells (100pm x 25pm) with 
well-developed arrays of rough endoplasmic reticulum, many mitochondria, an 
extensive Golgi complex and large areas of glycogen and lipid. Human decidual 
cells are isolated from each other by an investment of fibrinoid and are linked by 
fewer gap junctions than are found in rodents (Boyd and Hamilton 1970; Schiebler 
and Kaufmann 1981). 
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These cells form the basic structural matrix of the decidua. Other cells are invari¬ 
ably present (in pregnancy and deciduomata) and these, the immune cells and inva¬ 
sive cytotrophoblast are dealt with in detail below. 


1.7.4.2 Uterine Natural Killer (uNK) Cells 

Also known as Large Granular Lymphocytes (LGL) in man and Granulated 
Metrial Gland (GMG) cells in rodents, these are the most numerous lymphocyte 
subset found in the decidua. The immature and mature forms circulating in the 
blood are major constituents in the innate adaptive immune response (Lanier 
2006).In man they localise to, and proliferate in, the decidualising endometrium 
during the estrus cycle but die and are shed at menstruation. In pregnancy they 
persist and increase in number with full decidualisation of the stroma. In rodents 
they are recruited after conception and rapidly divide and differentiate but only in 
the decidua basalis region. The decidualising stromal cells produce the signals 
(hormones, cytokines and chemokines) which trigger the recruitment and guide 
the uNKs differentiation to express a different phenotype from the circulating 
NKs. In man they are CD 56bnEhtl6neE (Moffett-King 2002) and rodents show a simi¬ 
lar phenotype (Croy et al. 2006). These cells can produce a wide range of cyto/ 
chemokines, and under appropriate stimulation by trophoblast and stromal cell 
mediators can become either tolerogenic or cytotoxic types (Hanna et al. 2006; 
Lanier 2006; Moffett-King and Loke 2006; Shigeru et al. 2007). This is further 
discussed in Chap. 9. 

Electron microscope and cell repopulation studies with irradiated mice and rats 
indicate that uNK cells develop from small round cells which originate from the 
bone marrow but divide and differentiate in the endometrial stroma (Peel et al. 
1983; Peel and Stewart 1986). They can easily be distinguished on structural and 
staining criteria from blood eosinophils, basophils, neutrophils or mast cells. They 
are present in pregnant and pseudopregnant uteri (Peel et al. 1979). 

Mature uNKs are the most frequent cell type after the fibroblast-derived 
decidual cells. They are often binucleate, and typically contain glycogen, rough 
endoplasmic reticulum and a large Golgi body which produces numerous mem¬ 
brane-bound granules. These are usually homogeneously electron dense, but 
some also have membranous inclusions (monkey, Cardell et al. 1969; rat, Larkin 
and Flickinger 1969; mouse, I. Stewart and Peel 1977; review, Croy et al. 2006). 
In the light microscope the granules are eosinophilic and PAS positive and con¬ 
tain lysosomal enzymes, IgG molecules synthesized in the granulocyte, MUC-1, 
LGL-1 and a protein, perforin, characteristic of killer and cytotoxic lymphocytes. 
Human uNKs show a weak natural killer activity which is enhanced by inter¬ 
leukin 2 (Ferry et al. 1990) and blocked by interferon-y but not -a (A. King and 
Loke 1993). 

The uNKs do not show phagocytosis, nor do they form intercellular gap, tight 
or desmosomal junctions with each other or with disparate cell types. In mice the 
cells average 50 pm in diameter and have a smaller number of larger (5 pm) granules 
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compared with the rat 25 |tm diameter, 2 |im granules) or man (12 pm diameter, 
1 pm granules). 

In rat and mouse the cells are found in the mesometrial decidua from an early 
stage (mouse, 8dpc) and they also collect around the myometrial blood vessels to 
form an accumulation in the mesometrial triangle between the myometrial layers 
which is referred to as the metrial gland (Fig. 1.9) (Peel 1989). 

The uNK cells reach their maximum numbers at 13-14dpc in the rat. 
Between 15 and 21 dpc (term) there is a progressive loss of the cells by swelling 
and lysis and they release their cell contents including the granules into the 
connective tissue. This process has been referred to as holocrine secretion (Peel 
and Stewart 1979) but seems more analogous to the ‘programmed cell death’ 
seen in other decidual cells, or cell regression in ovarian luteolysis. This would 
mean that the functional life of the cells is finished rather than that the release 
of the cell contents is the ultimate purpose of the process of granule develop¬ 
ment. The cell debris is removed by macrophages, which are the probable pre¬ 
cursors for the cells full of lipid droplets and phagolysosomes which 
progressively replace the granulocytes in the metrial gland region from 17 dpc. 
Some granulated cells may persist post term, but most regress long before par¬ 
turition. There is no evidence for direct transformation of granulocytes to lipid¬ 
laden cells. 

In man uNK cells are present before implantation and continue to proliferate in 
the decidua as this tissue expands in the first 12 weeks of pregnancy. From 12 to 20 
weeks 40% of the total cells in the decidua are uNKs and then there is a gradual 
loss as in the rodent with very few persisting to term. 

Successful pregnancy depends upon the coordination of the possible interactions 
between uNKs, invasive cytotrophoblasts and stromal decidual cells to produce a 
suitable local hormone/cyto/chemokine environment to favour immune tolerance 
throughout pregnancy and sufficient arterial and decidual remodelling to ensure 
adequate nutrient transfer. The uNKs may play an important immunological role in 
their tolerogenic form (see Sect. 9.1) and studies in man and rodents show that they 
are also necessary for normal arterial remodelling (Cray et al. 2006; Flanna et al. 
2006; Pijnenborg et al. 2006; Shigeru et al. 2007). 


1.7.4.3 Decidual Macrophages 

The evidence for this population comes from histological work and from tissue 
culture studies of mouse decidua (Hunt et al. 1984). The cells have immunoglobulin 
(Fc) receptors, an ectoesterase enzyme on their plasma membranes and are phago¬ 
cytic, suggesting an infiltrating macrophage type. The incidence of this cell type 
increases to a peak at 15 dpc in mouse, is strain dependent and low numbers seem 
to be correlated with poor fertility and a high conceptus resorption rate (Bell 1983; 
Tawfik et al. 1986). 

Their main function is the removal of the cell debris from the stromal and arte¬ 
rial remodelling necessary for placental establishment (Mor and Abrahams 2003). 
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1.7.4.4 Dendritic (Antigen Presenting) Cells 

Cells with a high level of la expression (MHC class II antigen) which lack lym¬ 
phocyte or macrophage markers are typically involved in antigen presentation in 
the immune response sequence. Such cells have been identified in tissue cultures of 
mouse decidua from 14dpc onwards (Elcock and Searle 1985) and on sections of 
human decidua in early pregnancy (Oksenberg et al. 1986). Interaction with uNK 
and cytotrophoblast cells contributes to the production of local fetal immunotoler- 
ance (Blois et al. 2007; Zarnani et al. 2007). 


1.7.4.5 T Cells 

Cell populations have been isolated from mouse (mesometrial) (Brierley and Clark 
1987) and human (basalis) (Daya et al. 1985) decidua which display suppressor 
activity against cytotoxic lymphocytes (CTLs) in vitro. Decidua lacking such Treg 
cells cannot usually support a successful pregnancy. Recent work has established in 
mouse and human that 50% of the T cells in the decidua are a[3 and 50% y8. The 
latter have been identified in man and mouse to be important contributors of 
cytokines which promote the establishment of a decidual immunological environ¬ 
ment tolerant to the fetus (Mincheva-Nilsson 2003; Clark et al. 2004). 


1.7.4.6 ‘Decidual’ Structures in Non-Haemochorial Placentation 

Extensive decidual cell development characterizes haemochorial placentation, but 
in some synepitheliochorial and endotheliochorial placentas specialized cells origi¬ 
nating from uterine stromal cells are consistently incorporated throughout the 
definitive placental structure at the feto-maternal interface. The best example is the 
frequently binucleate giant cells in the cat placenta (Fig. 7.8a). Much smaller less 
obvious cells are also present in an equivalent position in the dog (Amoroso 1952; 
Mossman 1987). Cells of similar structure are found as giant pericytes around the 
maternal vasculature in the sheep and goat (Fig. 7.8b). These cells never form a 
coherent layer as in haemochorial placentas but their consistent presence suggests 
that they may play a role (producing a specific secretion?) in maintaining the deli¬ 
cate balance between fetal and maternal tissues. Decidual changes have also been 
reported in the pseudopregnant ferret, but the alterations are in the subepithelial 
uterine capillary endothelium rather than the stromal cells (Beck and Lowe 1972). 

Molecular biological and microarray studies of the gene expression during 
decidualisation in hemochorial placentas have recently allowed a more accurate 
identification of the genes specifically involved (Hess et al. 2007; Kashiwagi et al. 
2007). Similar studies in the sheep synepitheliochorial placenta on implantation 
show that three such genes are upregulated on implantation in the endometrial 
fibroblasts which also divide and enlarge. The extent of this previously unrecog¬ 
nised “decidualisation” in the minimally invasive synepitheliochorial placenta is 
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considerably less than in a hemochorial placenta but greater than in the noninvasive 
epitheliochorial pig (Johnson et al. 2003). 


1.7.4.7 Epithelial Plaque 

Decidualization has been defined here as endometrial stromal cell differentiation. 
Epithelial plaque, which is always cellular, is formed by proliferation and develop¬ 
ment of uterine luminal and glandular epithelium dependent on the same hormonal 
regime and enhanced in a similar way by contact with the blastocyst. 

Deciduomas, produced by luminal injection of gonadotropin (hCG) at the cor¬ 
rect time after ovulation(“window of receptivity”), decidualise and form plaque as 
if pregnant but the reaction is not as localised, The effect is specific, FSH injection 
produces no reaction (Jones and Fazleabas 2001). 

Plaque formation is characteristic of some monkeys whose implantation is superfi¬ 
cial and whose early stromal decidualization is minimal (Rossman 1940; Enders et al. 
1985; Owiti et al. 1986). The epithelial proliferation is transient, starting at 6dpc, and 
the plaque is engulfed and removed by the developing trophoblast by 20-22 dpc in the 
rhesus monkey for example (Figs. 8.17 and 8.18) (Enders et al. 1985; Enders 2008). 
Prior to its obliteration it undergoes symplasmic degeneration. This life history is simi¬ 
lar to that undergone by the surface epithelium in the uterus of carnivores and lago- 
morphs (Steer 1971; Schlafke and Enders 1975; Leiser 1979). In these cases there is 
less initial proliferation but the symplasmic masses have to be absorbed in the same way 
by the trophoblast during the cellular remodelling involved in the trophoblast invasion 
of the maternal tissues. The extreme proliferation involved in plaque production can be 
seen as one of the ways of avoiding too rapid a penetration of the endometrium by the 
trophoblast (compare Figs. 8.9 and 8.17, 8.18). Plaque allows controlled access to the 
maternal circulation. Once this has been achieved superficial development of a purely 
fetal vascularized syncytium to form villi or a labyrinthine meshwork is all that is 
required to produce the haemochorial primate placenta. There is no need for deeper 
erosion of the endometrium for in most Old World primates the maternal blood supply 
is restricted to orifices at the maternal face of the fetal tissue. Epithelial plaque forma¬ 
tion is one way of achieving this controlled access to the maternal blood after superficial 
implantation: by contrast, interstitial implantation induces stromal decidual cell devel¬ 
opment (Ramsey 1982). Both are systems for establishing a viable fetomatemal dia¬ 
logue with a minimum of delay and stress to either party. 

The variation in the balance between epithelial plaque and stromal decidual 
transformation (Ramsey et al. 1976) is in sharp contrast to the similarity of the final 
placental structure. This may be taken as further evidence for the difficulty of rap¬ 
idly establishing the fetomaternal dialogue: of balancing the nutritional needs of the 
embryo against the immunological sensitivities of the mother. 

The same problems may be solved by what appear superficially to be very dif¬ 
ferent morphological methods. In practice, small changes in mitotic rates of partic¬ 
ular cell groups or phagocytotic capacity of the trophoblast might be sufficient to 
account for the differences. 
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1.7.5 Functions of the Decidual Cells 

Many functions have been proposed for decidua and it seems likely that there may 
be several roles it can play; which one is emphasized probably depends upon the 
specific requirements of each particular species. 


1.7.5.1 Isolation of the Implanting Blastocyst 

In rodents with a small blastocyst there is a rapid initial decidual development 
of stromal cells immediately around the blastocyst (Fig. 1.9). These cells 
become so closely packed, accentuated by both tight (Wang et al. 2004) and gap 
junction formation, that maternal blood cells and proteins are prevented from 
reaching the blastocyst (Parr et al. 1986). The effect is transient, lasting only 
from 6 to 9 dpc in the rat, and subsequently these early decidual cells die, to be 
displaced by the expanding conceptus. Reichert’s membrane forms between the 
yolk sac ectoderm and endoderm coincidentally with the loss of this decidual 
barrier, and it has been suggested that this new acellular layer may take over 
the function of excluding harmful constituents of the maternal blood from the 
embryo (Parr and Parr 1986). 


1.7.5.2 Barriers to Trophoblast Invasion 

Direct evidence that decidual cells act as barriers to trophoblast invasion comes 
from the observation that mouse blastocysts transferred to subepithelial ectopic 
sites (kidney, testis, anterior chamber of the eye) penetrate into the non-decidual- 
ized connective tissue much more deeply than into uterine decidua (Kirby 1963, 
1965; Porter 1967). In human ectopic (usually tubal) pregnancies the endometrial 
fibroblasts do not express Prolactin or IGFBP1 which are the normal decidual 
markers and there are more invasive trophoblasts and uNK cells (Kemp et al. 2002; 
Goffin et al. 2003). This produces a more extensive and much deeper invasion than 
normal which can lead to maternal vascular damage, haemorrhage and death show¬ 
ing the importance of a decidual ‘buffer’ zone. 

Corroborating this buffer concept is the fact that skin grafted onto decidualized 
uterine stroma is rejected much more slowly than skin in the non-decidualized 
uterus. The process of decidualization starts at the luminal surface, and the uterine 
epithelium, though rapidly lost, probably plays an essential role in mediating and 
amplifying the stimulus to decidualization (Kennedy 1983). Uterine epithelium that 
is not receptive (i.e. that is not hormonally primed) is a much more complete barrier 
to blastocyst penetration. 

A mechanical barrier results from the formation of a coherent decidualized cell 
layer by rapid division and expansion of the initially widely separated fibroblasts in 
the oedematous endometrial stroma (Glasser and McCormack 1980; Parr et al. 1986). 
The resulting decidual cells are often linked by gap junctions and are thus capable of 
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concerted changes. It has been suggested that such a linked cellular barrier is so effec¬ 
tive that expansion of the trophoblast is dependent on prior programmed cell death of 
the decidual tissue (Beaulaton and Lockshin 1982). Certainly there seems to be a very 
close relationship between the two tissues in rodents (Welsh and Enders 1985). 

In man the decidualized cells are not so closely packed as in rodents but they 
frequently secrete a dense extracellular matrix consisting of collagen and 
glycosaminoglycans, which would also hinder trophoblast invasion (Boyd and 
Hamilton 1970; Schiebler and Kaufmann 1981). Such material is usually referred 
to as ‘fibrinoid’ and may form semi-continuous sheets between fetal and maternal 
domains like Nitabuch’s and Rohr’s ‘striae’ in the basal plate of the human placenta 
(Boyd and Hamilton 1970). 

However, such decidual cellular and extra-cellular barriers are rarely complete 
(Martinek 1970) and elements of the trophoblast frequently penetrate well past the 
decidualized ‘layer’. The interstitial and endovascular trophoblast in the myo¬ 
metrium of humans and rats are examples of this breaching of the ‘barrier’ (Ain 
et al. 2003). The decidual layer may form an effective if partial barrier in some 
species (Bradbury et al. 1965), but even then it is probably only part of an array of 
accommodations between mother and fetus to promote fetal survival. 


1.7.5.3 Nutrient Provision 

One of the characteristics of decidualizing cells is the accumulation of glycogen 
and/or lipid stores, although this is not always found. It is generally assumed that 
this is produced for the eventual nutrition of the blastocyst. Amoroso (1952) noted 
that animals without decidual cells usually have many more uterine glands produc¬ 
ing histotroph for blastocyst maintenance and growth. 


1.7.5.4 Hormone Production 

Prolactin 

The main role of pituitary prolactin in pregnancy is to maintain the progesterone 
production by the corpus luteum, but PRL or PRLReceptor null mice cannot sustain 
pregnancy even with added progesterone. This indicated a placental source, and 
progesterone-dependent prolactin production by cultured decidual cells has been 
shown in man (Maslar et al. 1986) and rodents, and histological studies in man 
showed localization of prolactin to basal decidual cells by immunocytochemistry 
(Braverman et al. 1984; Al-Timimi and Fox 1986; Bryant Greenwood et al. 1987) 
and hybridization histochemistry (Wu et al. 1991). 

Control of decidual prolactin secretion is significantly different from pituitary 
prolactin because it is unaffected by bromocriptine (which blocks) or thyrotropin¬ 
releasing hormone (which stimulates) prolactin secretion from the pituitary (see 
Gibori et al. 1984). 
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In man only one PRL gene is expressed in decidua and syncytiotrophoblast, but 
in rodents up to 35 members of the PRL superfamily have been identified and 
localised (Soares 2004, 2006) a few (~3) in the decidual stromal cells but many 
more in total (-30) in various groupings in four specific trophoblast locations 
(Simmons et al. 2007). PRL family members control genes which regulate placental 
angiogenesis and immune function (Bao et al. 2007) and play an important role the 
complex and changing cellular interactions in the decidua required to initiate and 
maintain a functional placenta (see Chap. 8). 


Prostaglandins and Steroids 

Cultures of rodent and human decidual cells have been shown to produce prostag¬ 
landins (Lala 1989) and steroids, which have immunological potential as demon¬ 
strated by their effects on the mixed lymphocyte reaction (MLR) and cytotoxic 
lymphocyte (CTL) function. They are also implicated in the control of predecidual 
cell division, in the initiation and maintenance of decidual differentiation (Glasser 
and McCormack 1980; Kennedy and Lukash 1982; Clark 1985b), and in the initia¬ 
tion and process of parturition. 


Relaxin 

Relaxin mRNA has been localised to the human decidua and trophoblast from the 
first trimester to term (Bogie et al. 1997). The same group also find relaxin receptor 
protein in those locations (Lowndes et al. 2006) and relaxin is suggested to play an 
important role weakening fetal membranes immediately prior to birth. This seems 
to be specific to man, there are no reports of relaxin in rodent decidua or placenta. 


Insulin-like Growth Factor Binding Protein 

One of the principal secretions of the human decidua is a IGFBP1 (Bell et al. 1988). 
This secretion will modulate the bioavailability of IGF2, one of the main promoters of 
placental growth, at the matemo-fetal interface. Elevated levels will restrict growth, and 
its presence has contributed to development of the ‘conflict theory’ by which maternal 
and fetal demands during pregnancy are balanced (Haig 1993; see Chap. 9.3). 


1.7.5.5 Immunological (Functions) Implications 

The decidual tissue forms a matrix in which immunologically active cells can modify 
the maternal response to the fetus (see Chap. 9.2; Colbern and Main 1991). 

In primates and rodents the three main cell types involved are the decidual stro¬ 
mal cells, uterine Natural Killer cells and the invasive cytotrophoblast. Interactions 
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between these three populations produce a local environment tolerant of expressed 
fetal antigens and capable of considerable local maternal arterial remodelling. 
The lack of any MHC I or II expression on the fetal syncytial surface facing the 
maternal blood and the constant presence of the tolerogenic progesterone simpli¬ 
fies the tolerance requirement. However the wide and ever expanding list (from 
molecular biological and microarray studies (e.g. Shigeru et al. 2007)) of hor¬ 
mones, growth factors, cytokines and surface receptors which each of the three cell 
types can produce considerably complicates attempts to work out exactly which 
cell does what. A possible scenario follows. 

Progesterone initiates decidualisation. Hormones and cytokines (e.g. PRL, IL11) 
from the decidua then modify the immune cell content, specifically favouring 
recruitment and proliferation of uNK cells. Activation of mature uNKs then pro¬ 
duces different cytokines (IFNy, Ang2) which initiate swelling and disruption of the 
tissue in the walls of the spiral arteries. MHC subsets (C,G) and receptors (KIR) 
unique to the invasive trophoblast then interact with the uNKs to switch their 
cytokine production from those (eg IFNy) favouring the cytotoxic Thl subtype to 
those favouring the tolerogenic Th2 phenotype. This can produce a wide variety of 
cytokines some of which serve to attract and direct the invasive cytotrophoblasts to 
complete the remodelling of the arteries aided by phagocytosis of the cell debris by 
the macrophages. The uNKs disappear once the cytotrophoblast has fully invaded 
the arteries and the Th2 phenotype including T suppressor cells is established in the 
decidua. This phenotype will be reinforced by more cytokines directing the dendritic 
and yST cells to favour tolerance through the rest of pregnancy (see Chap. 9.1). 

This has the advantage of brevity and does fit many of the known details but it 
ignores many others. This perhaps suggests that there may be several routes 
through the web of cellular interactions, each leading to a more or less successful 
placentation. 


1.7.6 Release of the Placenta 

By definition the decidua is a hormone-dependent tissue layer at the fetomaternal 
interface autolysing on progesterone withdrawal to facilitate release of the placenta 
soon after birth of the young. Release of prostanoids by the autolysing cells may 
also play a part in the initiation and process of parturition (Bell 1983). However, the 
wide variety of animals without decidua manage to separate their placentas suc¬ 
cessfully and in the European mole Talpa there is a well-developed decidua but the 
placenta remains in situ and is resorbed (Amoroso 1952). 


Chapter 2 

Implantation, Maternofetal Exchange 
and Vascular Relationships 


2.1 Implantation 

Implantation is the mechanism by which the blastocyst establishes itself in the 
uterus, and the trophectoderm develops an intimate relationship with the uterine 
epithelium (Parr and Parr 1989; Denker 1993). This process is easily disrupted and 
most early pregnancy loss occurs during this time (Wilmut et al. 1986). The process 
can also be suspended (‘delay of implantation, embryonic diapause’) at this stage, 
which serves to reduce the metabolic load on a lactating mother and to ensure that 
birth occurs at the most advantageous season (Enders and Given 1988; Given and 
Enders 1989). During diapause, progesterone secretion must be maintained and 
implantation can be reactivated by a pulse of estrogen in rodents or LIF secretion 
controlled by day length in mustelids (Lopes et al. 2004). 

The conceptus reaches the uterus in the morula stage surrounded by the acellular 
zona pellucida. It must then position itself correctly in the uterus, remove the zona 
often with the aid of endometrial secretions, adhere to the uterine epithelium and pos¬ 
sibly invade that epithelium in initiating the development of the characteristic placental 
structure. Recent studies have indicated that these structural changes are controlled 
by complex interactions between hormones, growth factors, prostaglandins, cytokines 
and their receptors (Bowen and Burghardt 2000; Paria et al. 2002; Dey et al. 2004; 
Lee and Demayo 2004; Spencer et al. 2004a,b; Kennedy et al. 2007). 


2.1.1 Position (Spacing) in the Uterus 

In duplex uteri (rat, mouse, guinea pig, rabbit) the horns open separately into the 
cervix and blastocysts cannot pass from one horn to the other. Spacing in each horn 
is independent. In bicornuate uteri (pig, dog, cat, ruminants) the two horns are con¬ 
tinuous and a conceptus ovulated on one side can pass to the other side prior to 
implantation (Fig. 1.4). 

In species with several conceptuses (polytocous), the blastocysts normally 
implant at evenly spaced sites along a uterine horn (Boving 1971). How this spacing 
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is achieved in the 2 or 3 days available is not clear. In the rabbit (duplex uterus) 
there appears to be no relationship to any pre-existing structure such as the scars of 
the previous pregnancy since conceptus number varies but the spacing is always 
even. If there is only one conceptus per horn it is always in the middle of the horn 
(Boving 1971). In the pig and cat with bicornuate uteri, animals with a single ovary 
provide evenly spaced implantation sites in both horns and with pig conceptuses of 
different phenotypes (colours), if one colour is introduced into each horn, the col¬ 
ours randomize before implanting at an even spacing (Dziuk et al. 1964). 

These experimental observations indicate a considerable capacity for blasto¬ 
cyst migration along the uterine lumen and the most likely explanation is an ini¬ 
tial mixing followed by a passive movement propelled by the vigorous 
contractions of the uterine musculature observed at this time (Crane and Martin 
1991). Inert beads of a similar size to a rabbit blastocyst are moved along if intro¬ 
duced into the uterine lumen at this time (4-6 dpc; Boving 1971). However, the 
trauma of surgery makes this an unreliable experimental model. Presumably the 
conceptus would first need to be roughly spaced by vigorous muscular contrac¬ 
tions instituted perhaps by substances present in the oviductal fluid entering with 
the conceptuses; and subsequently adjusted by local initiation of contractions 
and/or uterine growth by the individual conceptus. 

However, all the above discussion refers to cat, pig or rabbit experiments, in 
which the blastocyst swells considerably (10-2,000x in the rabbit) during the posi¬ 
tioning and adhesive phases. In the mouse, rat and guinea pig the blastocysts do not 
swell at this stage but are still evenly spaced in the uterus prior to adhesion. This is 
probably achieved by muscular contraction since both relaxin (Pusey et al. 1980) 
and changes in uterine prostaglandin synthesis, which affects uterine contractility 
(Hama et al. 2007) disrupt spacing but there is no direct evidence for such move¬ 
ment of these tiny blastocysts (Boving 1971). 

In species with a single conceptus in the uterus (monotocous) or in each uterine 
horn (ditocous) there is also evidence for preferred sites of implantation. For exam¬ 
ple, multiple ovulators such as the elephant shrew implant only a single conceptus 
in each horn, and some African antelopes ovulate on either side but implant pre¬ 
dominantly in the right horn. In the bat Carollia, only one small area in the uterus 
is receptive (Oliveira et al. 2000). but no clearly identifiable receptive structures 
have yet been described (Mossman 1987). 

Most ruminants normally implant about halfway between the cervix and utero¬ 
tubal junction but the caruncles at this site have no reported unique characteristics. 
It has been shown that cow and sheep blastocysts anchor themselves at their pre¬ 
ferred site by trophectodermal outgrowths (papillae) into the mouths of the uterine 
glands (Fig. 6.1) (Drieux and Thiery 1951; Guillomot and Guay 1982; Wooding 
et al. 1982), but this does not explain how the site is initially selected. 

There is now direct evidence for considerable conceptus movement in the 
uterus prior to implantation: the large horse blastocyst can be located in vivo 
with ultrasound, and it is reported that it moves freely between the two horns 
on 11-15 dpc but then implants caudally in one horn at 16-17 days (Ginther 
1979, 1983, 1984a,b). 
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There seems to be clear evidence for free conceptus movement, and also a 
consensus that positioning is complete before the zona pellucida (or its replacement 
in horse and rabbit) is lost. Rupture of the zona then allows intimate adhesion 
between blastocyst and uterine epithelial surfaces. Most rodents implant on the 
antimesometrial side of the uterus. This is said to be due to circular muscle contrac¬ 
tions since the antimesometrial position is more central with respect to the circular 
muscle in many uteri. Solid pieces of tumour tissue locate antimesometrially in the 
mouse uterus (Wilson 1963) whereas deformable oil droplets are randomly posi¬ 
tioned (Martin 1979). 


2.1.2 Adhesion 

There are three main requirements for adhesion: loss of the zona pellucida, ‘clo¬ 
sure’ of the uterine lumen, and development of membrane contact between the tro- 
phectoderm (cellular or syncytial) and the uterine epithelium. 

The zona pellucida is ruptured and/or dissolved by a combination of blastocyst 
swelling plus the action of glycosidase and protease enzymes from uterine epithe¬ 
lium and blastocyst (Denker 1978; Denker et al. 1978; Denker and Tyndale-Biscoe 
1986). The success of ectopic implantation demonstrates the non-specific nature of 
any uterine enzymes involved. 

After rupture of the zona pellucida, ‘closure’ of the uterine lumen occurs by the 
resorption of fluid by the uterine epithelium, edematous swelling of the uterine 
stroma and development of muscular tone. These processes bring the uterine epi¬ 
thelium into an intimate relationship with the trophectoderm and this is accentuated 
in many species by swelling of the blastocyst. 

Uterine closure brings the glycocalyces on the external surface of the trophecto¬ 
derm and on uterine epithelial cells close together. Since both bear negative charges 
they will not readily adhere. Several cytochemical investigations have shown a 
generalized decrease in uterine epithelial surface charge (measured by cationic 
probes) around the time of implantation (reviewed by Parr and Parr 1989). Direct 
evidence for change prior to the apposition between blastocyst and uterine epithe¬ 
lium is shown by erosion of the unusually thick glycocalyx in the ferret (Enders and 
Schlafke 1971b) and in the pig (Fig. 2.1). 

Changes in uterine epithelium luminal proteins have been found in the rabbit 
(T.L. Anderson et al. 1986; Hoffman et al. 1990a) and alterations in the expression 
of carbohydrate epitopes demonstrated in the mouse (Kimber and Lindenberg 
1990; Kimber 2005). Specific lectins have been used to demonstrate pregnancy- 
dependent regional differences in binding to the blastocyst (Chavez and Enders 
1982) and to the uterine epithelium (Anderson and Hoffman 1984; Whyte and 
Allen 1985; Anderson et al. 1986). More recent molecular biological and gene knock¬ 
out experiments have identified a very wide range of hormones, growth factors, pros¬ 
taglandins, cytokines, transcription factors and lipid mediators which are, or may be 
involved at implantation with much variation in detail among families (Bowen and 
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Burghardt 2000; Paria et al. 2002; Dey et al. 2004; Lee and Demayo 2004; Spencer 
et al. 2004a,b; Kennedy et al. 2007). The problem is that redundancy and compen¬ 
satory gene expression complicate the recognition of which molecule does what 
and when in any particular species. However some common themes do emerge. 
Once a blastocyst is correctly positioned in the uterus it can provide a local stimulus. 
MUC 1 is a transmembrane glycoprotein expressed apically on the uterine epithe¬ 
lium of many species (DeSouza et al. 1999; Murphy 2004). It has a very large 
(-350 nm above the plasmalemma Meseguer et al. 1998) extracellular domain to 
prevent access to pathogens but which also blocks ligands on the trophoblast from 
binding to uterine plasmamembrane receptors in the glycocalyx (~10nm above the 
plasmalemma). To allow attachment, local removal or deglycosylation of MUC 1 
is necessary, and the blastocyst is ideally positioned to trigger this. In humans in 
vitro studies show that the MUC1 removal is restricted to the immediate vicinity of 
the implanting blastocyst (Meseguer et al. 2001). Coincidentally the cytokine LIF 
is induced in response to a pulse of maternal oestrogen. This stimulates HB-EGF 
production in the uterine epithelium triggering full receptivity as well as reacting 
with receptors on the blastocyst. Both processes promote changes in the integrin 
proteins expressed on the two surfaces which favour firm adhesion, reinforced by 
specific linking proteins (galectins in the ewe) in gland secretions. Adhesion trig¬ 
gers further factors (COX2 for prostaglandin production, homeobox gene HOXA 
10 and matrix metalloproteases) necessary for decidualisation of the stroma, and 
some immunoregulatory genes are also changed at this time. 

However it is achieved, the fetal and maternal plasmalemmas characteristically 
finally adhere very closely, but at a constant -20 Jim separation, at the implantation 
site (Fig. 2.1). There is little clear evidence for fetomaternal tight or desmosomal 
junction formation between the two apices despite several claims (Reinius 1967; 
Potts 1968; Schlafke and Enders 1985; Tachi and Tachi 1979). Evidence from 
freeze-fracture is required to adequately characterize the nature of the adhesion. 
Examination of the blastocyst attachment to uterine epithelium in vitro may also 
provide useful information (Lindenberg et al. 1989). 


■< - 

Fig. 2.1 Electron micrographs of early Pig implantation (a) 15 days post coitum (dpc), apex of a 
trophoblast cell (T) shows elongated microvilli {arrow) characteristic of the free blastocyst, 
whereas the uterine epithelium (U) at the same stage (b) shows blunt microvilli (arrow) with a 
clear glycocalyx coating all of the plasmalemma. (c) 16dpc, the trophoblast (T) is now close to 
the uterine epithelium (U). The latter has lost its glycocalyx and most of its microvilli and the 
trophoblast microvilli are considerably reduced. In places ( asterisk ) the two are in close contact, 
(d) 16 dpc, a different region of the same specimen as in (c).Here the trophoblast and the uterine 
epithelium are in close and flat apposition, with microvillar interdigitation starting in place, (e) 
20 dpc to Term, the microvillar junction is uniformly developed, maximising the exchange area 
between trophoblast (T) and uterine epithelium (U). a,b x 15,000; c,d, x8,000: Glutaraldehyde/ 
osmium fixation, araldite embedded, uranyl /lead stained, e, x8,000: Glutaraldehyde fixed, arald- 
ite embedded, phosphotungstic acid/uranyl stained, m mitochondrion, g glycogen, e endoplasmic 
reticulum, n nucleus 
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2.1.3 Invasion and/or Placental Development 

From the common start of flat apposition between maternal and fetal apical plasma 
membranes there are several different ways of initiating placental development. 
Schlafke and Enders (1975) categorized four basic types: simple interdigitation, 
displacement, fusion and intrusive implantation (Fig. 2.2). 


2.1.3.1 Interdigitation 

In the pig (Dantzer 1985) the flat apposition develops into an interdigitation of 
microvilli from trophectoderm and uterine epithelial surfaces (Fig. 2.1). There is no 
loss of cells or any fetal or maternal syncytial transformation. Development of the 
placenta is essentially a vast increase in the area of fetomaternal apposed epithelia 
with their interdigitated microvilli. Similar epitheliochorial placentation is found in 
camels, lemurs, whales, and dolphins. 


2.1.3.2 Displacement 

In the mouse, rat and hamster the apposition of the fetal and maternal cellular epi¬ 
thelia results in loss of integrity and subsequent delamination or sloughing of indi¬ 
vidual cells and sheets of the uterine epithelium which are then phagocytosed by 
the trophectoderm (Fig. 8.2; Kaufmann 1983). 

This sort of concerted delamination of a large area of uterine epithelium has also 
been reported for the vespertilionid bats Myotis and Glossophaga (Enders and 
Wimsatt 1968; Rasweiler 1979; Kimura and Uchida 1983, 1984). 


2.1.3.3 Fusion 

Evidence for fusion between trophectodermal syncytial protrusions and uterine 
epithelial cells in rabbits has been presented by Larsen (1961) and Enders and 
Schlafke (1971a). Fusion of cytotrophoblast cells produces a trophectodermal syn¬ 
cytium which forms numerous processes. These penetrate the zona pellucida and 
indent the apex of the uterine epithelial cells forming initially a flat apposition. 
Subsequently, the apposed membranes fuse to form a fetomaternal hybrid tissue. 
Evidence of fusion comes from the observation of chains of vesicles in regions 
where one would expect flat apposition. Also, cells linked to the adjacent uterine 
epithelium by the usual apical tight junction complex demonstrate cytoplasmic 
continuity with the overlying trophectodermal syncytium (Fig. 2.2). Since at the 
same time the uterine epithelium itself is producing plaques of symplasm by loss 
of lateral membranes, it is difficult to follow the detailed outcome of the initial 
fetomaternal fusion. Fusion seems to be necessary to initiate trophectodermal 
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Fig. 2.2 Classification of the different fetomatemal cellular interactions at implantation (based on 
Schlafke and Enders 1975) 
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invasion, but it is considered likely that the maternal nuclei and cytoplasm make 
only a transient contribution to the invasive trophectodermal syncytium which pen¬ 
etrates into the stroma to invade the fetal capillaries to initiate the hemochorial pla¬ 
centa (Enders and Schlafke 1971a). 

In the ruminant trophectoderm, characteristic granulated binucleate cells 
(BNCs) are first produced just before implantation (Wimsatt 1951; Wooding 
1982b, 1983). BNCs migrate to form a flat apposition with a uterine epithelial 
cell, and then fuse apically, finally providing a trinucleate cell within the uterine 
epithelium (Figs. 2.2 and 6.1) (Wooding 1982b). Evidence for the fusion comes 
from images of the two cells cytoplasmically continuous across the fetomaternal 
microvillar junction but linked by tight junctions to their epithelia (Fig. 6.4) and 
the presence of BNC-derived granules containing placental lactogen hormone 
only in trinucleate cells in the uterine epithelium (Morgan et al. 1987) (see Chap. 
6 for details). 

The final example of fusion comes from the formation of the chorioallantoic 
placenta in the marsupial Perameles (Padykula and Taylor 1976). On about the 
ninth day of the 12-day gestation a limited area of trophectoderm cells, each with 
a characteristically large nucleus and backed by the allantois, comes into close 
apposition to the uterine epithelium. This consists at this stage of plaques of syn¬ 
cytium containing numerous very small nuclei. Specimens a day or so later dis¬ 
play no separate trophectodermal layer but the fetal and maternal blood capillaries 
are separated only by plaques of syncytium which contain a mixture of very small 
and characteristic large nuclei (Figs. 4.1-4.3). The simplest explanation for the 
apparent disappearance of the trophectoderm and two sizes of nuclei in the final 
syncytium is fetomaternal fusion but the details have yet to be investigated (see 
Chap. 4). 

The advantages of fetomaternal hybrid tissue formation are obscure. It does 
offer rapid access through the uterine epithelium while maintaining its structural 
integrity; presumably some immunological camouflage is provided by the maternal 
component of the hybrid tissue. However, the problem of dual cytoplasmic control 
must be formidable, and the fact that the hybrids are produced by such dissimilar 
methods - fetal syncytium or cell fusing with maternal cell or syncytium - once 
again indicates that these cases are probably individual answers to specific prob¬ 
lems rather than a general solution of the puzzle of fetomaternal accommodation. 


2.1.3.4 Intrusion 

This type is found in several families and is characterized by firm adhesion followed 
by penetration of trophectodermal processes through a healthy uterine epithelium 
without any signs of destruction of, or alteration in, the contiguous uterine cells 
(Fig. 2.2). In the ferret (Enders and Schlafke 1971b), cat (Feiser 1979), 
Rhesus(Macaque) monkey (Enders et al. 1983) and marmoset monkey (Enders and 
Fopata 1999) syncytial processes pass between the cells, clearly forming tight junc¬ 
tions with them. In contrast, in the horse individual binucleated trophectodermal 


2.2 Maternofetal Exchange 


55 


cells are said to indent the cell apices away from the tight junctions and initially 
pass through the body of the uterine epithelial cell on their way to form the 
endometrial cups (Allen et al. 1973). In all cases the uterine epithelial cells are 
subsequently surrounded and phagocytosed to allow a broader trophectodermal 
access to the endometrium. 

The tiny blastocysts of the human and guinea pig form a trophectodermal syncy¬ 
tium at the site of apposition to the uterine epithelium (Enders and Schlafke 1969; 
Boyd and Hamilton 1970). This seems to facilitate rapid subsequent penetration of 
the entire conceptus into the endometrium, but the details of the process are unknown. 
The uterine epithelium never quite covers over the tiny implantation site. 

As more EM studies are made it becomes clear that the categories above may 
not be exclusive. In the mouse, for example, at the light microscope level penetra¬ 
tion by fusion with the intact uterine epithelium has been reported after actinomy- 
cin D injection (Finn and Bredl 1973). In the marmoset there is some evidence for 
fusion during the removal of the uterine epithelium (Enders and Lopata 1999). 

In some marsupials there is a local penetration of an otherwise unchanged uter¬ 
ine epithelium by cellular trophoblast over the yolk sac which could be by fusion 
or intrusion (Tyndale-Biscoe and Renfree 1987); a similar process has been 
reported in Galago (Butler 1967). There are now three examples of fusion implan¬ 
tation; only one was known in 1975. This process may be more widespread than 
has been realized. 


2.2 Maternofetal Exchange 

All of the substances required for the growth and metabolism of the fetus, including 
water, oxygen, carbohydrates, most amino acids, non-esterified fatty acids, metal 
ions and trace elements enter the fetal from the maternal circulation. Products of 
metabolism such as carbon dioxide and urea, as well as certain other compounds, 
pass in the opposite direction. Placental intervascular transport (either chorioallan¬ 
toic or vitelline(yolk sac), or both) is the principal route of fetomaternal exchange 
(see Atkinson et al. 2006; Jones et al. 2007 for recent comprehensive reviews). 

Conventionally there are two sources of fetal nutrition: “haemotroph” - materials 
carried in and transferred directly from the maternal blood and “histotroph” - extra¬ 
cellular material including cellular debris secreted or released into the space 
between maternal and fetal surfaces. Phagocytosis of histotroph is considered to be 
a characteristic of both cellular and syncytial trophoblast. Uptake by this means is 
usually concentrated in specific regions such as areolae (pig, ruminants) or haemo- 
phagous zones (carnivores, sheep). 

In an epitheliochorial placenta a molecule of hemotroph passing from mater¬ 
nal to fetal blood requires transport across maternal endothelium, uterine epithe¬ 
lium, trophoblast and fetal endothelium and all four epithelia are sealed by tight 
junctions. Between the circulations there are eight membrane ‘barriers’ with a 
variable amount of cytoplasm between the pairs. The endotheliochorial has six 
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membranes and the hemochorial four (Fig. 1.5). However varied, placental struc¬ 
ture has as its principal function the transport of considerable amounts of mate¬ 
rial. In the fetal lamb late in gestation 7.8 g of carbon per day per kg fetal weight 
enters the fetal circulation, of which 4.6 g per day per kg is returned as carbon 
dioxide and urea (Battaglia and Meschia 1978). Estimates of amino acid uptake 
made in fetal lambs between 118 and 146 days’ gestation show that approxi¬ 
mately 11 g of amino acids enter the fetal circulation per kg fetal weight per day, 
of which approximately 4.5 g is accumulated as new tissue (Lemons et al. 1976; 
Battaglia and Meschia 1978). The mean growth rate of lambs at 130 days’ gesta¬ 
tion is 36 g per day per kg (Rattray et al. 1974). Bell (1991), Bell et al. 1999 pro¬ 
vide an excellent review of the maternal metabolic adaptations to the demands of 
pregnancy and quantitative aspects of transport to and metabolism in the develop¬ 
ing conceptus. 

There are three main transport mechanisms: simple diffusion down a concentra¬ 
tion gradient (O,, CO,, urea); specific membrane transporters, i.e. facilitated diffusion 
(glucose) or active transport (amino acids); and endo- or phagocytosis (of gland 
secretions, red blood cells). 

To understand how these mechanisms are implemented in vivo, it is necessary 
to use chronically instrumented animals which are conscious and unanaesthetised, 
since measurements made during anaesthesia often differ significantly. Most 
detailed studies of maternofetal transfer have used ewes, cows or horses in late 
pregnancy, when transport rate across the definitive structure is probably at its peak. 
Ewe and cow have syepitheliochorial, the horse epitheliochorial placentas and they 
show instructive differences which help to correlate structure and function. These 
results are briefly discussed below with comparisons and correlations with haemo- 
and endotheliochorial placentas where these are available. 

The control of transfer is always multifactorial. The rate of simple diffusion 
depends not only on the concentration difference between placental, maternal and 
fetal circulations, but also on diffusion distance, utilisation of transported molecules 
by placental tissue and the rate of and anatomical relationship between the always 
separate maternal and fetal blood flows. With facilitative diffusion or active trans¬ 
port processes, further factors influencing transfer are the optimal rates, concentra¬ 
tions and affinities of the transporters and their localisations in the several 
membrane layers separating the two blood flows. 


2.2.1 Simple Diffusion 

Theoretical considerations indicate that maternal to fetal O, transfer is primarily 
flow-limited due to the high diffusing capacity of O, and the high reaction velocity 
of the exchange reaction with haemoglobin. These predictions are borne out by 
experimental manipulation of maternal or fetal blood flow in the conscious animal. 
The flow rate and anatomical relationships between the two circulations (Fig. 2.3) 
are considered to be more important than the concentration difference, diffusion 
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path length, number of membranes between or surface area of those membranes 
available for transport between the two flows (Wilkening and Meschia 1983). 


2 . 2 . 1.1 Blood Flow 

Blood flow rates through the placenta differ between maternal and fetal capillary 
beds and also with the species; for example, in the horse maternal and fetal flow 
rates are 500 and 100 ml kg -1 fetus per min, respectively, compared with 470 and 
200 ml -1 kg fetus per min, respectively, in the ewe (Fowden and Silver 1995; 
Fowden et al. 2000). Unfortunately, there are no data available to determine which 
pair is more ‘efficient’ for O, transfer. Blood flows can vary considerably from 
minute to minute but mean values from day to day do not vary greatly under normal 
conditions, although in all species there is a steady increase in absolute flow during 
pregnancy (Comline and Silver 1970). In the ewe, maternal blood flow has to be 
decreased to nonphysiological levels before fetal O, uptake is significantly reduced 
(Wilkening and Meschia 1983). Normal transient physiological variation in blood 
flow would therefore not be expected to compromise the efficiency of 0 2 transfer, 
and the same is probably true of the horse. In ewes, the maternal and fetal haemo¬ 
globins are different and have significantly different O, saturation curves, with the 
2, 3-diphosphoglycerate (DPG) concentration the same in maternal and fetal red 
blood cells. The difference between haemoglobins makes the O, transfer more effi¬ 
cient. In the horse there is no difference between the two haemoglobins, but the 
lower DPG levels in the fetal compared with maternal red blood cells produce a 
similar P to the fetal lamb; therefore, the efficiency of unloading O, to fetal tissues 
is probably equivalent in the two species (Comline and Silver 1974). 

The anatomical relationship, or rather the direction of maternal and fetal blood 
flows with respect to one another (Fig. 2.3 and 2.4), is probably an equally impor¬ 
tant factor in determining oxygen transfer efficiency. 

Horse placental blood vessels are arranged so that maternal blood flows in the 
opposite direction to fetal blood in the capillary networks that form the exchange vessels, 
which produces the optimal countercurrent system (Silver and Steven 1975; Chap. 5). 
In the ewe the capillary architecture is more complex and the consensus, from 
reconstmctions of sectioned material and corrosion cast studies, is that the flows are 
crosscurrent or even concurrent, both less efficient arrangements than the countercurrent 
system for transfer in the horse (Silver and Steven 1975; Leiser and Kaufmann 1994). 


2.2.1.2 Oxygen Gradients 

The PO^ and PCO, differences between maternal uterine and fetal umbilical arteries 
are smaller in horses than ewes over the normal maternal range found in unstressed 
pregnancies (Fig. 2.5; Comline and Silver 1970). For any given value of maternal 
PO, between 30 and lOOmmHg fetal PC), values rise linearly, but the fetal horse 
value is much closer to that in the mother than is the ewe. 
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Above lOOmmHg, fetal PC), plateaus in the lamb, while it rises continuously in 
the foal such that, at the top of the maternal range, horses can increase the fetal 
PC), significantly (Comline and Silver 1970; Table 1). Under normal maternal arte¬ 
rial PC), 80-100 mm Hg, the horse has a lower transplacental PO, gradient than 
the ewe and, consequently, a smaller driving force for the movement of O, from 
dam to fetus. However there is a much smaller difference between the maternal 
and fetal PO, values in the venous outflows (horse 3mmHg, ewe 17 mmHg) indi¬ 
cating a much better extraction rate by the horse fetus. This can probably be attrib¬ 
uted to the operation of the more efficient countercurrent system in the horse so 
that, overall, the two species may be considered equally ‘efficient’ at transplacen¬ 
tal O, transfer. 

2.2.1.3 Diffusion Pathways 

A further constraint on transfer is the diffusion distance between maternal and fetal 
capillary beds in different animals, but this has yet to be measured accurately and 
at present relies on purely anecdotal evidence (Silver et al. 1973; Silver and Steven 
1975; Allen and Stewart 2001). In all species investigated so far, maternal and fetal 
capillaries progressively indent the uterine epithelium and trophoblast, respectively, 
as pregnancy progresses, thereby continuously reducing diffusion distance. Only 
measurements from placentas successfully perfusion-fixed from both maternal and 
fetal sides, representing the in vivo situation as closely as possible, are suitable for 
these measurements. Preliminary results from tissue prepared in this way from 
sheep, horse and cow, all at equivalent late stages of pregnancy indicate that the 
circulations are closest in the ewe (mean ± s.e. 1.0 ± 0.3 |im), further apart in the 
horse (3.0 ± 0.8pm) and furthest apart in the cow (6.0 ± 2.0pm) (Wooding and 
Fowden 2006). Thus the sheep would have the most ‘efficient’ design in this 
respect. 

A final factor directly affecting measurement of the ‘efficiency’ of maternal to fetal 
diffusion is 0 2 utilisation by the placental tissue itself. In the ewe, placental tissues use 
proportionately less O, as pregnancy progresses (from 70% of the total transferred from 
the mother at mid-gestation to 50% at term), but in the horse the same proportion (50%) 
is used throughout (Comline and Silver 1970; Silver and Comline 1975; Silver and 
Steven 1975). This is probably related to the demand from the continuous growth and 
increase in weight of the horse placenta throughout gestation, whereas in the ewe the 
placenta decreases in weight from a peak at mid-gestation. How these differences are 
related to O, transfer efficiency is unknown at present. 


■<- 


Fig. 2.3 Theoretical considerations of solute exchange between capillaries 
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Fig. 2.4 Schematic illustration of the relationship between the direction of capillary blood flows 
in the fetal and maternal placental circulations in various animals. See also Figs. 2-7, 8-1, 8-12 
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Fig. 2.5 Oxygen gradient across the placenta of the horse and ewe. P0 2 values are from the fetal 
umbilical and maternal uterine arteries over a range of experimental conditions, mostly from acute 
experiments. Normally quoted values for maternal arterial blood in ewes and horses lie between 
80 - 100 mm Hg: mean value is indicated here by a dotted line. The difference between the two 
circulations is always greater in the sheep than the horse, although the mare can deliver more PO, 
at the upper extreme of the maternal range since the fetal blood value in the ewe does not increase 
after the maternal value reaches 100 mm Hg (from Silver and Comline 1975) 


It is clear from the above discussion that that neither the horse nor the ewe placenta 
shows a consistent advantage in simple diffusion over the other when all the various 
factors are considered, and both produce viable offspring. There is, as yet, insufficient 
information to apportion relative values to each factor, but the one feature which 
seemed initially to correlate with placental efficiency across several species (meas¬ 
ured as the birth weight of the fetus produced per gram fetal placental weight) was 
the relative direction of maternal and fetal blood flows, with countercurrent producing 
the most fetus per gram placenta (Leiser and Kaufmann 1994). However, the coun¬ 
tercurrent rabbit was a clear exception; and recent work with the horse (Wilsher and 
Allen 2003), also established as countercurrent (Silver and Steven 1975), shows it to 
have an equivalent ‘efficiency’ (13-14 for small Thoroughbreds and ponies, calcu¬ 
lated from data in Allen et al. 2002; Wilsher and Allen 2003) to the crosscurrent ewe 
(13, from data in Heasman et al. 1999). It seems unlikely, therefore, that flow direc¬ 
tions are of critical importance in determining efficiency. 
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2.2.2 Membrane Transport 

2.2.2.1 Facilitated Diffusion 

This depends on transporter molecules (proteins) in the placental membranes, is 
stereospecific and saturable, requires a higher concentration in maternal than fetal 
blood, and needs no energy input. Facilitation can speed transport considerably 
compared with simple diffusion. All factors modifying simple diffusion also affect 
the rate of facilitated transfer, but the most important factors are type, concentration 
and kinetic efficiency of the carrier in each of the constant number of membrane 
layers between the two blood flows in each species. In horse and ewe placentas, 
there are eight membranes to cross (Fig. 1.5). 

Glucose: In the case of glucose, one of the most important fetal nutrients, the 
increase in rate of transfer with a transporter can be up to 10,000 times that of sim¬ 
ple diffusion across a membrane (Elbrink and Bihler 1975). In the horse and ewe, 
two isoforms of the glucose transporter (GT1 and GT3) are present in the placenta 
and show different affinities and kinetics. Immunocytochemical electronmicro- 
scopical investigation demonstrates that, in both horse (Fig. 2.6) and ewe, the iso¬ 
forms are localised to different uterine epithelial and trophoblast membrane layers. 
A glucose molecule must utilise both isoforms sequentially to cross these placentas 
(Wooding et al. 2000, 2005a). 

The relevance of this arrangement is at present unclear, but recent work 
shows that the same sequential system is found in the placenta of other rumi¬ 
nants (cow, deer and goat; Wooding et al. 2005a) and the endotheliochorial ele¬ 
phant (Wooding et al. 2005c). In hemomonochorial human (Illsley 2000) and 
endotheliochorial carnivore (Wooding et al. 2007b; see Fig. 7.5) placentas only 
GT1 is present, on both syncytiotrophoblast surfaces, whereas in the haemotri- 
chorial rat GT1 and -3 are located on the same blood-facing membrane layer 
and glucose molecules can therefore utilise the isoform with the most suitable 
affinity and kinetics for the prevailing maternal blood glucose concentration 
(Shin et al. 1997). The transplacental glucose concentration difference between 
maternal and fetal placental blood flows remains relatively stable on a daily 
basis in the horse and ewe, but increases significantly in the latter as fetal glu¬ 
cose concentration decreases with increasing gestational age (Hay 1995). This 
is an overall gradient down which the glucose molecule must travel, but in 
practice it covers eight individual membrane steps, each of which may or may 
not have a unique concentration of a particular carrier isoform with individual 
kinetic properties. Also, a large proportion, 60-70% in ewes and horses 
(Fowden et al. 2000) but only 30% in rodent, human and rabbit (Hauguel et al. 
1988), of the glucose taken up by the placenta is utilised by placental tissues 
for growth and maintenance of function, thereby complicating estimates of the 
rate of transport from mother to fetus (Fowden 1997). Little is known about the 
factors regulating the activity of this complex transport system. 
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Fig. 2.6 ab Electron micrographs of immunocytochemical preparations of adjacent sections of 
horse placenta(290 days pregnant), (a) The black dots (gold colloid particles) show the localisa¬ 
tion of Glucose Transporter 1 (GT1) immunoreactivity (IRT) on the basolateral membranes 
(arrows and single arrowheads) of trophoblast (T) and uterine epithelium (U) and on both surfaces 
of the fetal endothelium (F, double arrowheads) but the maternal endothelium (M) and the micro- 
villar junction (asterisks) between maternal and fetal tissues are not labelled, (b) The only sig¬ 
nificant GT3 IRT is on the microvillar junction (asterisks) and although there is a non specific 
background label scattered on most tissue there is no label on any of the other membranes.Thus 
maternal blood glucose molecule must utilise both isofonns in sequence to cross to the fetal blood 
(from Wooding et al. 2000) 



Relationship between fetal and maternal 
glucose concentrations 



Fig. 2.7 Relationship between fetal and maternal blood glucose concentrations. The physiologi¬ 
cal range of maternal blood glucose concentrations varies according to species; mean value for 
horse (0) and pig (o) is indicated by the upper arrow; for cow (o) and sheep (o) by the lower arrow. 
Equine maternal blood maintains a mean concentration twice as high as that of the ewe because 
glucose is an important metabolic fuel for the mother and therefore readily available. In sheep 
metabolism, short chain fatty acids from the rumen replace glucose which has to be specially 
synthesised in the maternal liver for the fetus. The mare can therefore establish a larger glucose 
gradient across the placenta than the ewe without too much metabolic adjustment, providing a 
greater driving force for facilitated diffusion of the molecule (from Fowden 1997) 

Transporter distribution and isoforms appear to be very similar in horse and ewe; 
the horse placenta uses slightly more of the glucose flux for its own metabolism 
than that of ovids, but the major difference is the force driving the transport, i.e. the 
higher glucose concentration in maternal compared to fetal blood (Fig. 2.7). 

The horse and ewe have similar maternal P0 2 levels, but normal post prandial 
glucose plasma concentrations are very different, with maternal levels in the horse 
(pony) at ~6mmol 1 _1 and fetal levels ~3 mmol 1 _1 being considerably higher than those 
in the ewe (welsh mountain), with maternal and fetal levels at ~3 and -lrnmol 1~', 
respectively. The transplacental gradient is therefore greater (3 mmol l -1 ) in the 
horse than in the ewe (2 mmol 1 _1 ) and should drive the transfer of glucose more 
effectively in the horse. The transplacental gradient can be abolished in the ewe by 
fetal glucose infusion or in the pig by hypoxic stresses and the fetus then supplies 
the placenta with glucose. The transfer normally operates downhill, but is capable 
of transferring radioactively labelled glucose in either direction after maternal or 
fetal injection, illustrating the dynamic nature, flexibility and complexity of the 
system (Hay 1995; Fowden 1997). Such findings also indicate that there may be a 
considerable ‘pool’ of glucose available for placental metabolism but not for trans¬ 
port. In the horse, this weight-specific rate of placental glucose utilisation decreases 
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in late gestation so that proportionately more of the transferred glucose taken up by 
the uterus is available to the fetus. No similar gestational change in placental glu¬ 
cose consumption occurs in the ewe. 

The concentrations of GT1 and -3 proteins in the membrane(s) are of paramount 
importance in determining the rate of transfer. In the ewe, it is known that levels of 
GT1 and -3 protein and mRNA per gram of placenta increase several-fold from 
mid-gestation to term commensurate with the fivefold increase in glucose transport. 
Furthermore, placental GT1 and -3 mRNA expression is independent of maternal 
growth and nutritional status. GT1 peaks in concentration at 120 days of pregnancy, 
but GT3 increases to term (145 days) (Currie et al. 1997; Ehrhardt and Bell 1997). 
This is a similar pattern to the rat (Zhou and Bondy 1993). In the horse, localisation 
of GT1 and GT3 is the same as in the ewe, suggesting a similar system, but no 
quantitative data on gestational trends in the abundance of these isoforms is as yet 
available. In human, the levels vary little during pregnancy (Illsley 2000). 

Lactate: Lactate is an important fetal nutrient (up to 25% of the total energy 
requirement of the fetus) and requires monocarboxylic acid transporter isoforms 
from the same 12 transmembrane helix topology family as GT1 and -3 (Halestrap 
and Price 1999). They have a fairly broad specificity (pyruvate is also carried) 
and are proton-coupled cotransporters operating down a proton (pH) gradient. 
In late gestation, the horse placenta produces and transports significantly more 
per gram of placenta or per gram of fetus than that of the ewe. This is directed 
far more to the fetal than the maternal circulation. There is no transplacental 
transfer from the mother (Fowden 1997). In the human placenta there are differ¬ 
ent isoforms on apical and basal syncytiotrophoblast membranes (Settle et al. 
2004), but no localisations have as yet been reported for the placenta of the horse 
or ewe. 


1 . 2 . 2.2 Active Transport 

Amino acids: The plasma concentrations of most amino acids are higher in the fetus 
than the mother in most mammals, suggesting that transport across the placenta is 
active. Recent work has shown that it is mediated by wide variety of specific trans¬ 
porters (some Na-dependent) located in the placental membranes, and requires meta¬ 
bolic energy (Battaglia and Regnault 2001; Jansson 2001; Atkinson et al. 2006). 

However, in the horse there is no significant gradient to the fetus, with mean 
fetomaternal ratios (FMR) for 21 amino acids of 1.0 ± 0.3 (Young et al. 2003). In 
the ewe, conversely, fetal concentrations are almost twice those in the maternal cir¬ 
culation, with an FMR of 1.8 ± 0.7 (Chung et al. 1998). This suggests that less 
metabolic energy is needed to transfer amino acids across the placenta in the horse 
than in the ewe. However, the fact that the human placenta, with only four mem¬ 
branes, has a very similar FMR of 1.7 ± 0.4 (Phillips et al. 1978) and the guinea 
pig, with four membranes, an FMR of 3.7 ±1.0 (Hill and Young 1973), indicates 
that there are other factors involved which may be more important than FMR in 
controlling the rate of transport. It also illustrates the potential danger in this con¬ 
text of comparing acute observations (unavoidable with the guinea pig) with 
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considerably less stressful chronic results. Acute measurements in the ewe, for 
example, produce FMR values close to those of the guinea pig due to the stress 
level modification of the transport system (Schulman et al. 1975). 

Another factor possibly more important than the FMR is the concentration of 
free amino acids in the placenta itself. This is several times higher than concentra¬ 
tions in either maternal or fetal circulations in all cases so far investigated (Battaglia 
and Regnault 2001), and is produced in haemochorial placentas by the transporters 
in the apical trophoblast membrane as well as by synthesis of amino acids in the 
placenta. The high concentration produced in the trophoblast can then lead to sim¬ 
ple diffusion of amino acids down the appreciable gradient into the fetal circulation 
without the need for any active transport across the basal membrane or fetal 
endothelium. However, different amino acids transfer at very different rates after 
accumulating in the placenta, such that some transporters are definitely used 
between placental ‘pool’ and the fetal circulation (Battaglia and Regnault 2001), 
but both simple and facilitated diffusion are also possible. In addition, there is a 
considerable fetoplacental shuttle of amino acids and their metabolites and a few 
like glutamate are synthesized by the fetoplacental unit and none is required from 
the maternal circulation. This still requires active transporter molecules on the fetal 
side. Compared with glucose transport, a further complication is that there are 21 
amino acids in different groups, acidic, basic and neutral, and each group has sev¬ 
eral different transporters with particular characteristics and isoforms (Battaglia 
and Regnault 2001; Atkinson et al. 2006). In man, identification, localisation and 
quantification of these transporters using molecular biological and in vitro vesicle 
transport techniques indicates that there are different populations of transporters at 
different concentrations on the apical and basal syncytiotrophoblast membranes 
(maternal and fetal ‘sides’), which in the human placenta can be obtained and sepa¬ 
rated relatively easily for such investigations (Ayuk et al. 2002; Regnault et al. 
2005). Such studies are beginning to provide a basis for understanding control and 
maintenance of the transport systems. Similar techniques have shown that equiva¬ 
lent transporters are present in the rat placenta but no membrane localisations have 
yet been established (Matthews et al. 1998). In the cat, system beta and system A 
amino acid transporters have recently been localised immunocytochemically to the 
basal membrane of the syncytiotrophoblast (Champion et al. 2004). Unfortunately, 
as yet there has been no identification or localisation of the presumably equivalent 
numbers and variety of transporters on the eight membranes separating maternal 
and fetal circulations in the horse and ewe, although many physiological character¬ 
istics of the overall in vivo amino acid transport are sufficiently similar to the 
human situation to indicate that equivalent constraints are operating. For example, 
in the ewe, the differential rates of transport of amino acids from placenta to the 
fetal circulation indicate the need for equivalent specific transporters, as in the 
human placenta (Battaglia and Regnault 2001). 

The horse transports sufficient amino acids for optimal fetal protein accretion, 
whereas in the ewe fetus there is a 50% surplus, which is used for oxidative metabo¬ 
lism. This is reflected in the much lower urea production in the horse fetus (Silver 
et al. 1994; Fowden 1997). Whether this difference indicates that the horse amino 
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acid transport system is more or less ‘efficient’ than that of the ewe is impossible 
to establish until the location, concentration and kinetics of the various transporters 
have been established in both species. 

Ion Transport: Most ions (sodium, potassium, chloride, phosphate, etc.) are trans¬ 
ported across placentas at each membrane barrier by a variety of carrier-mediated proc¬ 
esses, including active, exchange and diffusion components. A major complication in 
assessing ion transport is the effect of the essential high water requirement of the fetus, 
which produces a continuous diffusive flow driven by the osmotic and hydrostatic dif¬ 
ferences between the two circulations (Stulc 1997). Small non metabolised molecules 
with no known transporters (Cr EDTA, mannitol) do cross the placenta passively in this 
flow. The sizes of pores required for this “paracellular” aqueous channel have been cal¬ 
culated as 2.3nM (man), 3.5 nM (rat) in hemochorial placentas and much smaller 
(0.15nM) in the ewe synepitheliochorial placenta. Inhibition of the membrane carriers 
indicates that this paracellular route for sodium or potassium may be of considerable 
significance in man but not in rats (Atkinson et al. 2006). These paracellular pores have 
no convincing ultrastructural correlate in any placenta so far investigated. A further 
complication is the recent demonstration of placental plasma membrane bound 
aquaporin molecules in man, mouse and ewe which facilitate water flow into and across 
the placenta (Atkinson et al. 2006). The relative contributions of these systems to the 
overall ion and water transport are as yet unknown. 

Lipids: The hydrophobic nature of lipids results in a ready diffusion of their com¬ 
ponent free fatty acids, glycerol and cholesterol across the placenta, since at least 
in the second half of pregnancy the concentrations in the maternal circulation are 
considerably higher than the fetal. Appreciable placental metabolism complicates 
estimates of transfer rates. The essential long chain fatty acids such as docosahexe- 
noic and arachidonic, are necessary components of fetal membrane phospholipids 
and these probably rely on placental membrane bound fatty acid binding proteins 
and translocases plus ATP to achieve the higher concentration in the fetal compared 
with the maternal plasma (Atkinson et al. 2006). 


2.2.3 Endocytosis- and Phagocytosis 

Epitheliochorial placentas have special trophoblast regions, known as areolae, for 
histotrophic uptake of endometrial gland secretions by small endocytotic vesicles 
or much larger phagocytotic vacuoles. In the horse these are located between the 
bases of the microcotyledons, in the ewe and cow in the intercotyledonary areas and 
randomly scattered in the pig. They consist of a flat or domed area of tall columnar 
trophoblast cells separated by a variable distance from the flat uterine epithelium 
onto which the duct of a uterine gland opens (Figs. 5.1 and 5.2). The gland secre¬ 
tions are essential for the establishment of pregnancy in the ewe (Spencer et al. 
2004a,b) and, throughout pregnancy, produce a variety of important micronutrients 
including calcium ions (horse, ewe) and uteroferrin protein (horse, pig). 
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2.2.4 Iron Ion Transport 

Uteroferrin is the carrier which, in the horse and pig, mediates maternofetal 
transport of iron, required for haemoglobin production and in other enzyme 
cofactors in the fetus. Transport can be monitored immunocytochemically 
(Wooding et al. 2000), secretion in the lumen of the gland is strongly positive, 
as is the areolar lumen and the trophoblast cells bordering that lumen (Fig. 
2.8a) which take up the secretion by endocytosis into the lyso/endosomal sys¬ 
tem on the fetal side. No uteroferrin is detected anywhere in the horse micro¬ 
cotyledons or pig nonareolar trophoblast, which are the sites of the vast 
majority of hemotrophic macronutrient transfer by simple and facilitated diffu¬ 
sion and active transport, as detailed above. 

A similar transport protein, transferrin, is used for iron transport in hemo¬ 
chorial placentas by endocytosis from the blood over the entire trophoblast sur¬ 
face. In contrast, in endotheliochorial (carnivores) and synepitheliochorial 
(ewe, cow) placentas fetal iron comes from trophoblast phagocytosis and break¬ 
down of maternal red blood cells from hemophagous zones. These are localized 
separations of trophoblast and uterine tissue into which blood is intermittently 
released. 


2.2.5 Calcium Ion Transport 

The fetal demand for calcium is high and the transport process can be localized 
because all epithelia across which there is a significant flux of calcium carry the 9 
or 28 kD calcium binding protein (CBP) at high concentration in their cytoplasm 
(Hoenderop et al. 2005). The areolar trophoblast epithelium is the only region of 
the horse placenta to express the 9CBP protein (Fig. 2.8b; Wooding et al. 2000) and 
it is therefore assumed that this is an important site of calcium uptake. Similar 
localised areas for calcium uptake are found in cow (Nikitenko et al. 1998) and ewe 
(Wooding et al. 1996) placentas, where 9CBP is restricted to the interplacentomal 
trophoblast epithelium. In the hemochorial human the 9CBP is present throughout 
the trophoblast syncytium (Belkacemi et al. 2004), but in the rodents it is only 
found in significant amounts in the intravascular and visceral yolk sac placentas 
(Bruns et al. 1988). Calcium entry across the apical plasma membrane is probably 
by facilitated diffusion through a specific calcium channel (Hoenderop et al. 2005). 
The CBP then binds to and facilitates the diffusion of the ion to the basolateral 
plasmalemma. This isolates it in transit from the very calcium sensitive cellular 
metabolic processes and presents it to a plasmamembrane Ca-ATPase to be actively 
pumped out basally. Ca-ATPases have been localized in this position in human, rat 
(Borke et al. 1989) and cat (Champion et al. 2003) placentas, and a suitable apical 
calcium channel is expressed in human syncytiotrophoblast but not localized as yet 
(Hoenderop et al. 2005). 



Fig. 2.8 (a, b) Light micrographs of immunocytochemical preparations of adjacent sections of 
horse placenta (270 days pregnant), (a) Uteroferrin IRT is restricted to the lumen of the glands (g) 
and vesicles of various sizes in the fetal trophoblast cells of the areolae (arrowheads). It is also 
present in the ducts between glands and areolae (arrow). No significant localisation is seen in the 
microcotyledons (me), (b) Calbindin 9kDa protein (9CBP) IRT is present throughout the areolar 
trophoblast cell cytoplasm (arrowheads), but no significant localisation is seen in glands or micro¬ 
cotyledons. From Wooding et al. 2000 
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2.2.6 Protein Transport 

This is largely limited to specific proteins of particular value to the fetus such as 
immunogloblins which protect the neonate until its own immune system develops 
and is only found in hemochorial placentas. Epithelio- and endotheliochorial pla¬ 
centas are impermeable and immunoglobulins are transferred in the colostrum. 

In the hemochorial rabbit, IgG from rabbit is transported unchanged across 
the yolk sac while bovine IgG is degraded in the cells (Hemmings 1957). In 
human IgG is taken up in late gestation by endocytosis into the syncytiotro- 
phoblast apical endo-tubulovesicular sorting and delivery system. Specific (e.g. 
Fc) receptors select (IgG) molecules for transcytotic dispatch unchanged across 
the epithelium, unselected material is broken down in the lysosomal system. 
The full details of this process have yet to be elucidated (Simister 2003, 
Atkinson et al. 2006). 


2.2.7 Conclusions 

The details above emphasize that within the basic constraint of the number of barrier 
membranes, the varied types of placentas show considerable localized differentiation 
of transport functions. However the horse placenta uses systems very similar to those 
of the ewe to acquire the nutrients it needs for transfer to the fetus and for its own 
maintenance. The equivalent efficiencies in grams of fetus produced per gram of pla¬ 
centa compared with those of the ewe (both 13-14) clearly show that the suggested 
advantage of horse countercurrent flow must be balanced by other factors in the ewe. 
Two recent studies (Allen et al. 2002; Wilsher and Allen 2003) have established that 
foal birthweight is directly proportional to both the weight and area of fetomatemal 
contact in the term placenta and that this is controlled by interaction between the age, 
parity and size of the dam and fetal genotype. These studies emphasise the impor¬ 
tance of considering the area of fetomatemal contact, i.e. the surface across which all 
the nutrient transfer occurs, rather than just the weight. This suggests that efficiency 
per gram of placenta is perhaps not such a relevant measure as the area of maternofe¬ 
tal exchange surface within that gram. The limited information available (Baur 1977) 
indicates that the horse has a much smaller area per unit volume (of the fetus plus fetal 
placenta) (4.4 cm -2 cm -3 ) than the cow (27 cm 2 cm -3 ), but both produce a similar 
weight of neonate from a similar length of gestation. In the ewe, the area per unit vol¬ 
ume is 20-23 cm 2 cm -3 (Wooding et al. unpublished data). This is similar to that in 
the cow and emphasises the fact that the horse is 5-7 times more efficient in transfer 
per unit area than either cow or ewe. This could be attributed to the countercurrent/ 
crosscurrent difference, but whether this is the only factor explaining the difference 
in placental efficiency remains to be established. 

This difference between horse and mminant is in fact an example of a wider 
truth, in that all compact placentas have a larger area per unit volume of placenta 
than the diffuse placental types (Fig. 2.9; Baur 1977). 
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COMPACT PLACENTAS: 1 rat 2 guinea pig 3 cat 4 alsatian dog 5 sloth 7 rhesus monkey 
8 langur monkey 9 colobus monkey 9 leopard 10 chimpanzee 11 gorilla 12 man 
13 dwarf cattle 14 seal 15 sea lion 16 giraffe 17 cow 18 elephant 
DIFFUSE PLACENTAS: 19 pig 20 dwarf hippo 21 dolphin 22 llama 23 pony 24 dwarf 
donkey 25 zebra 26 ass 27 camel 28 rhino 29 horse 30 hippo 

Fig. 2.9 Relationship between the surface area of the trophoblast and the weight of the fetus plus 
placenta in a wide variety of mammals. The compact and diffuse types of placentas clearly fit to 
different lines which are well outside the 95% confidence limits (drawn as dotted lines) for each 
line. From Baur (1977) 


Nor is the smaller relative surface area compensated for by a longer development 
time; horse and cow have very similar gestation periods and the (compact) giraffe 
(11 cm 2 cm -3 ) has a longer (450 day) gestation than the (diffuse) camel (2.6 cm 2 cm -3 , 
390 days), which has a similar birthweight. Unravelling the reasons for these dis¬ 
parities poses a considerable challenge and emphasises the multifactorial nature of 
the demands and constraints in constructing an ‘efficient’ placenta. 

An efficient placenta may be defined as one which produces an optimally 
viable neonate capable of growth to a functionally viable adult. Achieving the 
optimal maternofetal exchange area, minimising the diffusion distance and 
providing sufficient transporter molecules depends on ensuring normal placen¬ 
tal differentiation and growth. Studies in rodents and ruminants have shown that 
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these processes can be compromised by maternal nutrition and hypoxic or 
behavioural stress which reduce the size of the placenta and directly affect the 
growth of the basic organ systems of the embryo (Fowden et al. 2006a,b). 
Modification of fetal growth and development can have deleterious effects, 
producing a smaller neonate that later in life may suffer organ malfunctions 
(e.g. heart weaknesses or pancreatic endocrine insufficiency) which have been 
shown to result from insult to the conceptus. In human subjects and rodents, for 
example, inadequate remodelling of the maternal placental blood channels in 
early pregnancy leads to intrauterine growth retardation (IUGR). In the horse if 
uterine morphology and health is compromised by such factors as age and/or 
chronic infection (Bracher et al. 1996) or a disparity between sizes of stallion 
and mare (Allen et al. 2002; Wilsher and Allen 2003). the surface area available 
for placental growth is considerably reduced and the resulting impaired growth 
in utero is associated with dysmaturity, maladaptation and poor viability at 
birth (Rossdale and Ousey 2002). 

The incidence of clinical intervention and degree of care necessary during an 
animals lifespan depends, in part, on the growth, differentiation and functional 
capacity of the placenta. However, to date, very little is known about the factors 
regulating these processes or the critical windows in gestation when placental struc¬ 
ture and function can be beneficially modified. 


2.2.8 Phylogenesis (Evolution) 

Intriguingly, it has recently been suggested, mostly on molecular phylogenetic 
evidence (Vogel 2005), that the horse epitheliochorial and ruminant synepithelio- 
chorial structures are secondary evolutionary developments from a theoretically 
original primary endothelio- or haemochorial type. In evolutionary terms, this 
would require the (syn-)epitheliochorial form of placenta to have some clear evo¬ 
lutionary benefit over the endothelio-/haemochorial in the context of ungulate 
ecological niches. Whether there is an evolutionary or ecological significance to 
the differences in placental efficiency between ungulates remains speculative at 
this stage (see Chap. 9.3). 


2.3 Vascular Relationships 

As we have seen in the previous section, the rate and disposition of the fetal and 
maternal blood flows are central to any consideration of the efficiency and mecha¬ 
nisms of placental transfer. 

Continuous flow rate measurements are possible externally with Doppler ultra¬ 
sonic probes or internally using electromagnetic or ultrasonic flowmeters placed 
around vessels, but the uterine arterial/venous figures will always include a variable 
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contribution from the non placental uterine tissue, the umbilical will be solely placental. 
Experiments with microsphere injections can only give results at a single time. 

As the placenta grows the mother in most species has to increase her blood volume 
and cardiac output between 40 and 50% in order to perfuse the new organ (Silver 
et al. 1982). In the cow, between 137 and 250dpc, the uterine flow increases four 
times and the fetal umbilical flow 21 times (Reynolds and Ferrell 1987). The ewe 
increases maternal blood flow from 0.4 to 1.21 min -1 between 70 and 131dpc (term 
147 dpc), and the human maternal flow increases two-and-half times in the second 
half of pregnancy. The umbilical flow velocity increases and resistance decreases in 
parallel with fetal growth. This indicates that blood flow can be considered an impor¬ 
tant if not the primary mechanism for controlling transplacental exchange, because 
the oxygen extraction rate and arteriovenous differences in nutrient concentrations 
show much less change in the same period (Reynolds et al. 2005, 2006). Supporting 
this thesis, Meishan pigs show smaller placentas but with increased vascularity and 
angiogenic VEGF synthesis compared to Yorkshires, and produce a greater fetal 
weight per uterus (Wilson et al. 1998; Vonnahme and Ford 2004). Work in progress 
suggests that interventions increasing blood flow in nutritionally compromised ewes 
can restore fetal weight to normal (Reynolds et al. 2006). 

There are large differences unrelated to type of placenta between species in 
blood flow per gram of placenta. The ewe (synepithelio-) and guinea pig (haemo- 
chorial) uterine and umbilical flows are about three times the rates in man and rab¬ 
bit (both haemochorial). This can partly be explained by the differences in relative 
sizes of the placentas, since in ewe and guinea pig the ratio at term of the fetal to 
placental weight is 10:1, in rabbit and man only 4:1 (Silver et al. 1982). 

There are at least four theoretical types of relationships between two flows: 
con-, cross- and countercurrent and mixtures of some or all of these together 
(Martin 1981; Fig. 2.3). Of these, the countercurrent system is expected to be most 
efficient because blood leaving the exchange area on one side will tend to equili¬ 
brate with that entering it on the other, and a maximum solute transfer of 100% is 
theoretically possible. For concurrent flow such equilibration can only result in a 
maximum solute transfer of 50% (Fig. 2.3). 

In the placenta it must be remembered that there are two levels to be considered, 
gross flow and what may be termed microflow. Gross flow is the overall direction 
which in all placentas so far investigated (with a few exceptions, see below) appears 
to be countercurrent. Fetal stem arteries run directly to the maternal side and mater¬ 
nal stem arteries to the fetal side before dividing up into capillaries which conduct 
the blood back to the veins in parallel but opposite directions. The microflow is at 
capillary level, and this is where the haemotrophic exchange takes place, most effi¬ 
ciently with the least practicable distance between the flows. 

In all cases so far examined in sufficient detail, the architecture of both fetal and 
maternal capillaries or blood spaces is a network, sometimes but not always with a 
predominant direction). There is no evidence for significant lengths of parallel 
apposed tubes of the networks which would allow sufficient equilibration of, for 
example, oxygen concentration as usually illustrated in model systems (Moll 1972; 
Martin 1981). It may be more realistic to consider that all placental capillary 
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exchange takes place between microflows in networks which vary continuously 
between cross-, counter- and even concurrent and are best described as ‘network 
current’ (Figs. 2.3 and 8.12). 

The vascular morphology of the placental exchange region may be investi¬ 
gated using cleared histological sections of ink injected specimens (Fig. 5.4b,d) 
or by injection and subsequent hardening of plastic or latex followed by removal 
of the soft tissues and light (Fig. 5.4a,c) or scanning electron microscopic 
(SEM) (Fig. 5.5) examination of the resulting ‘corrosion casts’. SEM studies of 
corrosion casts give exquisite detail of either maternal or fetal vasculature 
(Figs. 6.8 and 6.9) but it is very difficult to elucidate the exact relationship 
between them, since it is not yet possible to distinguish fetal from maternal 
capillaries unequivocally on the same preparation, nor is there any way of 
establishing what the flow directions were in the capillary meshworks. However, 
there are some very convincing remarkably detailed proposals available from 
Leiser’s group (e.g. Figs. 6.8e and 6.10) As more SEM microcorrosion cast 
studies are published (e.g. Leiser and Kohler 1983. 1984; Burton 1987; Leiser 
1987; Christofferson and Nillson 1988; Leiser and Dantzer 1988; Ogura et al. 
1991; Leiser et al. 1997; Miglino et al. 2004), it becomes increasingly obvious 
that a placenta consists essentially of two bloodstreams separated by a mini¬ 
mum of tissue. Most conventional EM and LM sections overemphasize the tis¬ 
sue component. Better perfusion fixation shows that probably more than 50% 
of the in vivo placental volume is occupied by blood channels (Fig. 6.7), a 
figure supported by measurements of the total blood volume using tracers in 
placentas clamped in vivo. 

The progression (in morphological but not necessarily evolutionary terms) from 
epitheliochorial to haemochorial placentation occurs with increasing loss of uterine 
tissue, with important consequences for vascular organization (Fig. 2.4). 
Epitheliochorial placentas are formed by a mutual growth of short fetal and mater¬ 
nal villi to form a structure consisting principally of two complex and extensive 
capillary beds. Synepitheliochorial and endotheliochorial placentas develop simi¬ 
larly but have much longer villi or lamellae with great modification or elimination 
of the uterine epithelium. 

The maternal connective tissue remains an important constituent of maternal 
placental structure. Haemochorial placentas have no residual uterine epithelium, 
blood capillaries or connective tissue, but need to deliver maternal blood up to the 
fetal side of the placenta from where it drains back through entirely fetal tissue. To 
accomplish this the main maternal arteries persist, usually passing through the full 
depth of the fetal villi or labyrinth (Fig. 2.4). The endothelium of such arteries is 
usually replaced by invading fetal trophectoderm early in gestation, but the initial 
maternal blood conduits are retained, lengthened and enlarged throughout preg¬ 
nancy (Fig. 8.1). The only exceptions to this are the Old World monkeys and 
anthropoids (Chap. 8 and Fig. 8.1). Thus, in late pregnancy there is virtually no 
maternal tissue left in a haemochorial placenta above the decidual layer or 
myometrium. 
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2.3.1 Placental Vascular Anatomy 

The following descriptions of placental vascular anatomy will be limited to the 
mature placentas of late pregnancy. It should be noted that placental vasculature 
develops throughout gestation as the fetal nutrient and blood gas requirements 
increase, and that total placental blood flows and chorionic villous areas increase with 
increasing fetal mass (Baur 1977). In the pig’s definitive placenta short blunt fetal villi 
(length 15Op.m, width 30pm, Tsutsumi 1962) are inserted into maternal crypts. Each 
fetal villus has a peripheral meshwork of non-fenestrated capillaries supplied by an 
arteriole running up centrally to the top of the villus before branching significantly 
into capillaries draining down to the base. The maternal crypts have a very similar 
arrangement, but of fenestrated capillaries, with arterial supply to the top and draining 
around the base (Figs. 2.8, 5.4 and 5.5). The predominant capillary flow is therefore 
down both fetal villous and maternal crypt, in opposite directions. As can be seen 
from the diagram (Fig. 2.4), this produces a gross countercurrent flow between the 
capillaries, which indent their epithelia deeply (Goldstein 1926; Steven 1983; Figs. 
5.3b and 5.6b) and are presumably the main site of haemotrophic fetomatemal 
exchange. The corrosion cast evidence (Tsutsumi 1962; MacDonald 1975, 1981; 
Feiser and Dantzer 1988) shows (Figs. 5.4 and 5.5) that the microflow is between two 
capillary networks not parallel tubes. Microflow is therefore the mixture of cross and 
countercurrent, here called network flow (Fig. 2.3). Feiser and Dantzer also suggest 
there may be significant capillary flow around many fetal villi which would make 
even the gross flow partly crosscurrent. The vascularity of the pig placenta can differ 
significantly between breeds, with the Meishan producing a smaller but more vascu- 
larised placenta than the Yorkshire, and thus able to produce a larger litter from a 
similarly sized uterus(Wilson et al. 1998; Vonnahme and Ford 2004). 

In contrast to the pig, the vascular structure of the diffuse epitheliochorial pla¬ 
centa of the horse is more complex (Tsutsumi 1962; Silver and Steven 1975; Steven 
and Samuel 1975; Abd-Elnaeim et al. 2006) because of the formation of longer 
fetal villi and their organization into groups called microcotyledons (Chap. 5). In 
these fetal villi, fetal arterioles run centrally to the tips before branching into a 
peripheral capillary network 75-225 pm in length (Tsutsumi 1962), which carries 
blood back to veins at the base. The capillary blood therefore flows from the tips to 
the bases of the villi. Maternal blood, entering each microcotyledon over the rim of 
the cup-like structure, divides into a capillary network vascularizing maternal septa 
which have their tips between the bases of the chorionic villi. The flow is from the 
tips to the base of the septa; venous blood is collected in veins running round the 
base of the microcotyledon. In this species, therefore, there are clear morphological 
grounds for considering the gross blood flow to be solely countercurrent (Tsutsumi 
1962), but the microflow would still be the cross and countercurrent system char¬ 
acteristic of apposed networks (Tsutsumi 1962). 

In the ruminants the sheep and goat have 10- to 100-fold longer villi forming much 
larger cotyledons (placentomes) than in the horse. Both maternal septa and fetal stem 
villi have central supply arteries which give off some branches as they run in opposite 
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directions to their tips. Fetal and maternal blood passes back via capillary meshworks 
about 250pm long in grossly countercurrent flow (Tsutsumi 1962; Steven 1966; 
Makowski 1968). 

The microflow arrangement has been controversial. It was initially suggested to 
be countercurrent (Barcroft and Barron 1946) but reports of axial venules in the 
fetal terminal villi and maternal septa indicated that a crosscurrent system was 
equally likely (Fig. 2.4; Tsutsumi 1962; Steven 1966; Makowski 1968). Corrosion 
cast studies of the goat and cow placental vasculature have clearly demonstrated 
that the maternal and fetal capillaries are arranged in mixed cross and countercur¬ 
rent microflow systems, network flow again (Figs. 6.8-6.10; Leiser 1987; Leiser 
et al. 1997). Measurements of transport using the non-metabolizable, freely diffus¬ 
ing substance, antipyrine, in chronically catheterized preparations have confirmed 
that the relationship is not exclusively countercurrent (see Battaglia and Meschia 
1986; Wilkening and Meschia 1992). 

The placenta of the cow is, in many respects, similar to that of the sheep (Tsutsumi 
1962) except that the placentomes are convex instead of concave, because of the 
greater complexity of the branching of terminal fetal villi (Chap. 6; Figs. 6.9 and 6.10). 
As in the ovine placenta, fetal villi are vascularized by central arterioles running to their 
tips, branching to form many small lateral capillary beds, length 150-300pm, which are 
drained by central venules. In cross-section these branches, which are longer and more 
prominent than those in sheep, resemble the arms of a starfish (Figs. 2.4, 6.9 and 6.10; 
Tsutsumi 1962; Leiser et al. 1997). The peripheral capillary bed in the maternal villi is 
supplied with blood from central arterioles and drained into venules at either the base 
of the villus or its centre. The relationship between maternal and fetal blood flows in 
the cow is therefore similar to that in the sheep and goat, with the exception that some 
maternal blood drains via central venules, whereas in the sheep the maternal capillary 
cascade between individual terminal villi (Silver and Steven 1975; Fig. 6.8e) is said to 
be the only continuous channel back to the basal veins. 

A detailed study of the endotheliochorial labyrinthine zonary placenta of the cat 
(Fig. 7.6; Leiser and Kohler 1983, 1984) and mink (Fig. 7.7; Krebs et al. 1997) using 
scanning electron microscopy of corrosion casts shows that the maternal stem arterial 
system delivers blood to opposite side of the placenta before it drains back through a 
capillary lamellar mesh. However although the fetal capillary lamellae extend to the 
maternal side, the arterial supply to each lamella is lateral not apical and the resulting 
capillary flow is across the maternal flow direction (Fig. 2.4). These labyrinthine pla¬ 
centas would have gross flow cross-current (Leiser and Kohler 1984; Leiser and 
Kaufmann 1994; Krebs et al. 1997) but still with network microflow. 

The mature rodent hemotrichorial placenta has three zones: labyrinth, spongiotro- 
phoblast, and decidua (see Figs. 1.9 and 8.1). The labyrinth consists only of fetal 
trophoblast villi each containing a branch of the umbilical artery which passes 
directly to the spongiotrophoblast boundary. Corrosion cast studies show that there it 
turns back and divides into a columnar open meshwork of trophoblast covered capil¬ 
laries which finally recombine to form an umbilical venule at the base of the villus 
(Adamson et al. 2002; see Fig. 8.5). The capillary meshwork of each unit is separate 
but the units are laterally held together to form the labyrinth, by layer 1 of their 
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trophoblast covering which is continuous with the spongiotrophoblast zone. Blood 
flow in the fetal capillaries is thus from the maternal to the fetal side. The maternal 
blood crosses the labyrinth in four or five wide vascular channels which empty into a 
sinus/ subchorial lake at the fetal side of the labyrinth. It then flows back to the mater¬ 
nal side through the interstices of the fetal tissue meshwork to venous channels in the 
spongiotrophoblast therefore forming a truly countercurrent system The maternal 
vascular channels are formed from widened and trophoblast lined extensions of the 
endometrial spiral arteries (Adamson et al. 2002; Hemberger et al. 2003). The guinea 
pig and the rabbit have very similar labyrinthine countercurrent blood flow systems. 

In the haemomonochorial villous placentas of man and Old World monkeys, as in 
the synepithelio- or endotheliochorial systems, the fetal arteries run to the tips of the 
fetal villi, here anchored in the maternal decidua, before draining back through a capil¬ 
lary network. However, unlike all the other placental arrangements, there are in man no 
channels to carry the maternal blood to the fetal surface, the maternal spiral arteries end 
abruptly at the maternal surface (Fig. 8.12). A plausible explanation of how such a system 
works is as follows. The fetal villi are organized into groups called lobules or cotyle¬ 
dons, each of which has a hollow centre where villi are less densely packed. The lobules 
are situated over the openings of the maternal spiral arteries, which deliver blood into 
the hollow centre; in order to leave the intralobular spaces the blood flows radially over 
the villi into spaces between lobules (Fig 8.13; Wigglesworth 1969). From these spaces 
venous blood leaves the placenta through venous openings in the decidual plate and 
interlobular septa (Fig. 8.12). By angiography, puffs of maternal blood can be seen 
entering the intervillous space from the spiral arteries (Ramsey 1967); pressure of blood 
may lead to a hollow-centred lobule by pushing villi outwards. Growth of the villi is 
thought to occur from the centre of the lobule towards the periphery, in the direction of 
blood flow; the most peripheral villi are reported to be more highly differentiated 
(Schuhmann 1982). Oxygen and solutes are removed from the maternal blood as it 
passes from the spiral arteries to the endometrial veins, thereby establishing a concen¬ 
tration gradient from the point of entry into the lobule to the exit. This is supported 
by the finding that antioxidant enzyme expression and activity are greatest in the centre 
than the periphery of a lobule, the magnitude of the differences being proportional to 
the radius (Hempstock et al. 2003). The diffusion barrier thickness of the human vascu- 
losyncytial membrane does appear to be significantly reduced in regions where oxygen 
and solute concentrations would be predicted to be lowest (Critchley and Burton 1987; 
Burton and Tham 1992). Arteriovenous shunting and blood stasis in the intervillous 
space are prevented by the velocity and momentum with which maternal blood enters 
this space and the villus architecture, which ensures mixing of highly oxygenated blood 
with that already present (Ramsey and Donner 1980). 

It has been suggested that the human placental villi represent a mop passively 
suspended in a bucket, but this does not explain the movement of maternal blood 
around the fetal villi in each lobule. It would be more realistic to imagine a brief 
separation to capillary dimension of the villi caused by each spurt of maternal 
blood, followed by closure of the intervillus ‘capillary’ spaces as the pressure drops 
- rather like water flow through fish gills. This system would prevent significant 
backflow towards the arterial orifices. 
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The structure of the fetal vessels in each villus is such that the terminal villi 
which protrude from the intermediate villi at random are vascularized by a network 
of peripherally located anastomosing capillaries arising from the central primary 
arteriole and draining into the central primary vein (Habashi et al. 1983). There is 
no evidence that the capillaries in the terminal villi have any consistent spatial rela¬ 
tionship to the mean direction of blood flow in the intervillous space, so the mater¬ 
nal and fetal blood microflows presumably have a mixed or random directional 
relationship to one another (Fig. 8.12). 


2.3.2 Placental Vascular Architecture and Placental Function 

Correlation of structure and function in the different placental morphological types 
should be simplest with diffusible gases and solutes where, given similar concentra¬ 
tion gradients, the rate of transfer depends directly on the interhaemal diffusion 
distance and the area of the exchange surface. 

The permeability of a placenta to blood gases can be determined directly by 
measuring the transfer of non-metabolizable carbon monoxide or estimated from 
morphological measurements (Mayhew et al. 1984). The results show that the rate 
of fetal oxygen utilization is never limited by the oxygen diffusion capacity of the 
normal placenta. The range of values for oxygen diffusion found in different spe¬ 
cies (7-45 ml min -1 mmHg -1 per kg of placenta) bears no simple relationship to the 
range of placental interhaemal structure. One problem here is that it is very difficult 
to determine the average interhaemal distance since the degree of indentation of 
fetal (or maternal if present) layers by the capillaries varies considerably both 
within the same placenta (Figs. 5.6 and 6.7) and between placentas of different 
species. This indentation means that the minimum interhaemal distance in the 
epitheliochorial six-layered pig placenta may be very similar to that in the human 
haemomonochorial three-layered placenta, but the average interhaemal distance is 
much greater in pig than in man. This difficulty can be overcome by measurement 
of the Flarmonic Mean Thickness which produces comparable figures for different 
placentas. Harmonic Mean Thickness is defined as the reciprocal of the mean of the 
reciprocals of all measurements of the distance between the blood flows (see Coan 
et al. 2004 for an example of its use in mouse and Critchley and Burton 1987; 
Burton and Tham 1992 in human). 

There is some evidence for a local specialization of structure and function in 
the human placenta (Chap. 8). The areas of minimum interhaemal separation, the 
vasculosyncytial membrane, are more extensive in regions where the oxygen con¬ 
centration is plausibly suggested to be lower (Critchley and Burton 1987). Whether 
such an arrangement is also found in other types of placenta remains to be 
demonstrated. 

Differences in the transport capacity of various placental types clearly do not 
determine fetal growth rates, because these are as high in the pig and the mare 
(epitheliochorial) as in primates or the guinea pig (haemomonochorial). Other 
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factors that potentially influence placental efficiency are villous surface area, the 
size of the placenta relative to the fetus and placental blood flow rates. However, 
none of these parameters alone appears to correlate with fetal growth rate. 
Calculation of villous surface area at term per kg (fetus plus placenta) shows that 
this parameter varies widely, independently of fetal growth rate, from 300 cm 2 kg -1 
in the mare to 10,400cm 2 kg -1 in the cat (Fig.2.9; Baur 1977). 

Fetuses with compact placentas do not consistently grow faster than those with 
diffuse placentas, although compact placentas always have a higher villous surface 
area per gram of tissue. 

Among the species in which fetal blood gases can be measured accurately, the 
mare has a markedly higher rate of transfer of oxygen into fetal blood, as judged by 
PO, values (maternal vein minus fetal vein; Fig. 2.5) than ruminants or the pig. This 
cannot be accounted for by a particularly high oxygen affinity of fetal haemoglobin 
compared with maternal, or to a high fetal haemoglobin concentration, or a high 
fetal arterial oxygen saturation, since these three parameters are similar in all spe¬ 
cies investigated. Unlike other species, neither the horse (Kitchen and Bunn 1975) 
nor the pig has a special ‘fetal’ form of haemoglobin. It has been suggested (Silver 
and Steven 1975; Steven and Samuel 1975) that the efficiency of gas exchange in 
the equine placenta reflects the exclusively countercurrent nature of the vascular 
architecture. 

The similar high gas-exchange efficiency of the guinea pig placenta may also be 
due to the suggested countercurrent flow (Kaufmann 1981a) plus the high fetal- 
maternal haemoglobin-oxygen affinity ratio. These are probably both adaptations 
to the lower oxygen availability at the high altitude at which these animals live in 
the wild in South America. 

As the placenta grows the mother has to increase her blood volume and cardiac 
output in order to perfuse the new organ. The higher the blood flow through the 
maternal placenta in millilitres per minute per kg of fetus the greater the demand 
on the maternal vasculature. Animals with haemochorial placentas have the advan¬ 
tage here since they consistently show lower maternal placental flow rates (100- 
160 ml min -1 kg -1 fetus) than those with epithelio- or synepitheliochorial placentas 
(250-330ml min -1 kg -1 )- The last two types must also provide extra maternal 
energy to fuel active transport across the two maternal layers, endothelium and 
uterine epithelium, which are absent in haemochorial placentas. In all placental 
types on the fetal side the blood flows in endothelium-lined channels. Since the 
range of umbilical blood flow rates in haemochorial placentas from guinea pig 
(64 ml min -1 kg -1 fetus) to rhesus monkey (208 ml min -1 kg -1 ) spans nearly all of the 
synepithelio- and epitheliochorial values from pig (115 ml min -1 kg -1 ) to cow 
(232 ml min -1 kg -1 ) (Wooding and Flint 1994) there would seem to be no simple 
relationship between structure and function in this respect. 

As well as total blood flow, the rate of fetomaternal exchange will depend, at 
least to some extent, on the speed of the flow through the placenta. It has been sug¬ 
gested that the slower the rate the more efficient the transfer, and structures have 
been identified in haemochorial placentas which are said to be designed to produce 
local maternal blood stasis (Enders 1965). There is no doubt that in many haemochorial 
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placentas the total maternal blood in flow is slowed by the development of arterial 
sinuses (rabbit) or grossly widened arterial vessels (guinea pig, man). There is also 
some evidence for intermittent rather than continuous blood flow in primate placen¬ 
tas. How relevant these flow rate changes are to efficiency of maternofetal transfer 
and whether there is an optimal flow rate remains to be determined. 

Transport of hydrophilic, non-diffusible compounds requires carrier systems to 
allow them to cross each membrane barrier. Rates of transfer have been shown to be 
inversely proportional to the number of interhaemal membranes, which would suggest 
a similar frequency or equivalent capacity of carriers in each membrane. Sodium, for 
example, is transported 300 times faster in human (four membranes) than in pig (eight 
membranes) with the cat (six membranes) in an intermediate position (Moll 1985). 

However, what direct evidence there is indicates local specialization rather than 
uniform distribution. In the pig. Firth et al. (1986a,b) have shown that the Na + , K + - 
ATPase-based sodium transport system appears to be concentrated in the apical 
trophectodermal membranes of the fetal areolae. In human there are differences in 
carrier systems between microvillar and basal membranes of the synctiotrophoblast 
(Shennan and Boyd 1987; Vanderpuy and Smith 1987) and the latter shows consid¬ 
erable local elaboration (Fig. 8.15b). Transport of calcium and glucose is in sepa¬ 
rate areas of the ruminant placenta (Figs. 2.6 and 2.8). Thus within the basic 
constraint of the number of barrier membranes, there may be considerable localized 
differentiation of transport functions which are only now becoming apparent. 


2.3.3 Control of Placental Blood Flow 

Most organs are capable of regulating their blood flow (the process known as 
autoregulation), so as to maintain a constant rate (ml/min) of perfusion during peri¬ 
ods of altered blood pressure. This process which involves local control over dilata¬ 
tion or constriction of arterial precapillary sphincters, would not be expected to 
occur in haemochorial placentas, which lack post-myometrial vessels with such 
sphincters. However, the premyometrial uterine arteries are responsive to systemic 
agents acting on vascular beds (Greiss and Anderson 1970; Ford et al. 1977) and, 
since maternal placental flow accounts for a high proportion of uterine blood flow, 
maternal placental flow can be modulated through effects on these vessels. Thus, 
Venuto et al. (1976) showed that maternal placental blood flow was maintained at 
approximately 25 ml min -1 in haemochorial rabbits when mean arterial pressure 
was reduced from 135 to 65mmHg, and Bell (1972, 1974) has described uterine 
vasodilatation following uterine nerve stimulation in the pregnant haemochorial 
guinea pig. However, in the synepitheliochorial sheep placenta, which has both 
precapillary sphincters and systemic agents affecting premyometrial vessels, there 
is no evidence for maintenance of a constant rate of perfusion; Greiss (1966) 
showed that, during the last 30 days of gestation in the synepitheliochorial sheep, 
uterine blood flow is linearly related to central arterial pressure over the range 10- 
llOmmHg (arterial minus venous pressures), and Anderson and Faber (1982) 
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showed that this is also true for fetal placental flow over the range 25-45 mmHg, in 
chronically catheterized fetal lambs. 

Although uterine arterial blood flow may not change with changing maternal 
blood pressure in all species, there is evidence that local factors may control the ratio 
of maternal to fetal blood flows in the placenta. Rankin and his colleagues (see 
Rankin and McLaughlin 1979) have drawn an analogy between the placenta and the 
lung in this respect; in the lung compensatory mechanisms exist to maintain a con¬ 
stant ventilation-perfusion ratio following local vascular embolism or hypoxic alveo¬ 
lus. It is clear that mechanisms serving a similar function exist to control blood flow 
in the placenta; when part of the umbilical blood supply is occluded in sheep and 
rabbits, maternal blood flow to that region (as measured with microspheres) eventu¬ 
ally falls (Rankin and Phernetton 1976); furthermore in the normal sheep placenta 
maternal-fetal perfusion ratios are similar throughout the organ although the gross 
flow to various parts of the placenta varies (Rankin et al. 1970; Rankin and Schneider 
1975). Rankin (1978) and Rankin and McLaughlin (1979) have suggested that PGE 2 , 
which is produced in large quantities by the fetal placenta in the sheep (Challis et al. 
1976; Mitchell and Flint 1978a), may be involved in regulating the ratio of maternal 
to fetal flow, by exerting opposite effects on different sides of the placenta. Such a 
mechanism would not work in a haemochorial placenta with no arterial precapillary 
sphincters capable of responding to vasoactive compounds; in synepitheliochorial 
placentas, such as that of the sheep, it would depend on the PGE, diffusing very con¬ 
siderable distances from the fetal vasculature. An alternative function for fetal placen¬ 
tal PGE 2 may be in maintaining the patency of the fetal ductus arteriosus (Coceani et 
al. 1978). Other mechanisms by which placental blood flow may be altered over long 
periods of time must include angiogenesis and local necrosis; the latter could explain 
the effects of partial umbilical occlusion and the former the relatively constant mater¬ 
nal-fetal blood flow ratios referred to above. 

Because of the proximity of the maternal and fetal placental vessels it is possible 
that a transient rise in pressure on one side might lead to occlusion of the other. This 
has been investigated experimentally in the near-term sheep placenta, in which 
it has been shown that, while an effect can be demonstrated in the isolated perfused 
placenta by applying large changes in pressure (Bissonnette and Farrell 1973; 
Power and Longo 1973; Power and Gilbert 1977), this cannot be confirmed in 
sheep with chronically implanted catheters (Thornburg et al. 1976). Raising the 
pressure in the intervillous space of the human placenta in vitro can also compress 
the fetal capillaries within terminal villi (Karimu and Burton 1994). A second form 
of mechanical control of placental blood flow, which has been investigated princi¬ 
pally in man and rhesus monkeys, is that exerted by myometrial contractility; indi¬ 
vidual contractions of the kind associated with the early stages of labour lead to 
compression of the veins running through the myometrium so that flow of blood 
into the intervillous space is intermittently interrupted, with potentially dramatic 
adverse effects on fetal well-being. The most usually monitored parameter which 
reflects this form of stress during labour is fetal heart rate, the transient fetal brady¬ 
cardia associated with increased uterine pressure known as type II dip (or late decel¬ 
eration) being an indication of fetal distress (see Ramsey 1967; Carter 1975). 


Chapter 3 

Fish, Amphibian, Bird and Reptile 
Placentation 


3.1 Fish 

3.1.1 Introduction 

The fishes are non-amniotes, which have evolved a wide variety of modifications 
for successful viviparity (Amoroso 1960; Hogarth 1976; Wourms 1981; Mossman 
1987). The most widely used system is an increased secretion of nutrients into the 
ovarian or uterine cavity and absorption via the fetal gut or skin surface, but a 
number of genera have produced specialized structures, both embryonic and extrae- 
mbryonic, some of which closely parallel amniote placentas. 


3.1.2 Classification 

Fishes: 

Class Chondrichthyes (cartilaginous fish) 

Subclass Elasmobranchii, selachians 

About half the 100 families have viviparous members; only two of these families 
(Carcharinidae and Syphonidae, including sharks, skates and rays) have either a 
yolk sac placenta (Fig. 3.1) or trophonemata. The latter are long extensions of the 
uterine epithelium producing abundant secretion (Wourms 1981). 

Class Osteichthyes (bony fish) 

Subclass Actinopterygii 

This includes more than 99% of all living bony fish. Fourteen out of the 425 
families are viviparous, and five of these have structures ranging from fin elab¬ 
orations, gut extensions (trophotaeniae) and expansions to extra-embryonic 
pericardial sac elaborations analogous to the vertebrate amnion and chorion 
(Fig. 3.2). 
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Table 3.1 Dry weight increases during gestation in fishes 


Species 

% Change in dry 
weight of conceptus 

Reproductive 

pattern 

Uterine 

secretion 

Chondrichthyes; Cartilaginous 
fish Oviparous 

Scyliorhinus caniculus-20 


Oviparous 

None 

Viviparous 

Squalus acanthias 

-40 

Yolky egg 

Serous 

Mustelus mustelus 

370 

Yolky egg 

Mucous 

Dasyatis violacea 

1,600 

Trophonemata 

Lipid 

Mustelus canis 

1,050 

Yolk sac placenta 

Mucous 

Gymnura micrura 

4,900 

Trophonemata 

Lipid 

Odontaspis Taurus 

1,200,000 

Intrauterine 

cannibalism 


Scoliodon laticaudus 

5,800,000 

Yolk sac placenta 
and appendiculae 

Wourms 

(1993) 

Osteichthyes; Bony fish 

Oviparous 

Salmo vivideus 

-40 

Oviparous 


Viviparous 

Poeciliopsis monacha 

-40 

Yolky egg 


Poecilia (lebistes) sp. 

0 

Yolk, small 

pericardial sac 


Heterandria formosa 

4,000 

Large smooth pericardial 
sac, simple 


Anableps dowei 

800,000 

Follicular placenta, 
large specialized 
pericardial sac 


Ameca splendens 

15,000 

Villous follicular 
placenta and 


Embiotoca lateralis 

20,400 

Trophotaeniae 
from anus 


Jennynsia sp. 

24,000 

Fin extensions, gut 
expansion and 
trophonemata from 
ovarian wall 



Data from Wourms (1981). 


It is clear that fish viviparity has evolved many times in many different genera 
(Amoroso 1960; Wourms 1981) and even three times in a single genus (Reznick 
et al. 2002). A decrease in the amount of yolk after retention in the body of the 
mother necessitated an efficient system of nutrient transfer. In fishes, the placenta 
is only one, and not necessarily the most efficient, solution to the problem. In fish 
physiology a rough measure of the efficiency of viviparity is taken as the percentage 
increase or decrease in dry weight (mostly organic material) between egg and 
neonate (Table 3.1). 
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3.1.3 Chondrichthyes 

In Table 3.1, for the cartilaginous fish it can be seen that retention in the uterus does 
not necessarily offer any nutrient transfer advantage ( Scyliorhinus versus Squalus) 
unless the organic content of the uterine secretion is increased (Squalus versus 
Mustelus mustelus). Development of trophonemata, uterine epithelial extensions that 
are in close relationship with the fetal mouth or gills, further augments the percentage 
increase ( M. mustelus versus Dasyatis ) and a true trilaminar yolk sac closely apposed 
to an expanded semivillous uterine epithelium is almost as effective (Cate-Hoedemaker 
1933; Schlemitzauer and Gilbert 1966) (M. canis versus Dasyatis ). However, a richer 
uterine secretion plus trophonemata can be three or four times more efficient than a 
yolk sac placental Gymnura versus M. canis), and a species in which the surviving 
uterine tenant has eaten all its originally numerous siblings ( Odontaspis ) has an even 
greater nutrient transfer advantage. However the yolk sac placenta and appendiculae(see 
below) of Scoliodon performs even better than Odontaspis but whether the placenta is 
epitheliochorial or hemochorial has yet to be established (Wourms 1993). 


3.1.3.1 Yolk Sac Placenta 

In several of the skates and rays after the yolk is exhausted the trilaminar vascular¬ 
ized yolk sac is then modified to serve a placental function. Such species have very 
lengthy gestation times. In Mustelus canis (laevis), which has been most closely 
investigated structurally (Cate-Hoedemaker 1933), the placenta forms after a 3- 
month dependence on yolk and is functional for another 9-10 months (Fig. 3.1). 

The uterus develops shallow folds around each embryo and within the fold the 
yolk sac trophoblast forms with the uterine epithelium a localized intimate associa¬ 
tion, which subsequently increases in area by folding. A shell membrane, or deriva¬ 
tive thereof, usually persists between the maternal and fetal epithelia until term, but 
there is a considerable decrease during pregnancy in the thickness of the epithelia 
and the shell membrane. Both maternal and fetal blood capillaries eventually deeply 
indent their epithelia, reducing still further the separation of fetal and maternal blood 
(Fig. 3.1). In a good review Wourms et al. (1988), have reported species which lose 
one or both epithelia in forming the definitive placenta but still retain a shell, and in 
Scoliodon suggest the possible formation of a hemochorial placenta where maternal 
blood irrigates the trophoblast sheathed fetal capillaries (Wourms 1993). However 
there are no published micrographs supporting any of these claims. 

A tracer and ultrastructural study of the yolk sac placenta of Carcharhinus 
(Hamlett and Wourms 1984; Hamlett et al. 1985) demonstrated the ability of the tro¬ 
phoblast to absorb proteins endocytotically and of the uterine epithelium to mediate 
transfer, but capillary indentation of the epithelia was not so marked as in M. canis. 
There is a complete range from the structurally modified yolk sac placenta of 
Mustelus canis with a very thin shell to the transient non-specialized association of 
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Fig. 3.1 Placental development in the cartilaginous fishes; Skates, Rays and sharks (Chondricthyes) 
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yolk sac trophectoderm and uterine epithelium (across a fairly thick shell membrane) 
of Squalus acanthis (Jollie and Jollie 1967). In some cases ( Scoliodon.Rhizoprionod 
on) very complex elaborations of the yolk sac stalk surface (appendiculae) are present 
as well as a placenta (Wourms 1993) (Fig. 3.1). These fetal appendiculae, like the 
glandular extensions of the maternal uterine epithelium (trophonemata), may also 
play an important role in fetomaternal nutritive exchange in other families but, since 
the tissue association is very loose, as far as it has been investigated, a placental 
relationship cannot be assumed (for a review see Hamlett et al. 1993). 

Thus, in the Chondrichthyes a true yolk placenta with considerable specializa¬ 
tion for haemotrophic exchange has been developed, but the vast majority of vivip¬ 
arous species rely on histotrophic nutrition with only a few structural adaptations 
to facilitate this. 

Recent investigations show some possible parallels with mammalian placenta- 
tion in sharks. Rhizoprionodon, with a persistent shell, has uterine natural killer 
cells and lymphoid aggregates in the uterine stroma which increase in number as 
pregnancy progresses (Haines et al. 2006). Mustelus canis has the constituents of 
the interleukin 1 system present in the epithelium of both uterus and yolk sac 
(Cateni et al. 2003) and also a wide range of glycosylated molecules on the mem¬ 
branes and the shell (Jones and Hamlett 2004). 


3.1.4 Osteichthyes 

The bony fish do not have true uteri and viviparous development takes place either 
in the ovarian follicle or, after follicular rupture, in the ovarian cavity (Turner 1947; 
Amoroso 1960; Wourms 1981). Table 3.1 demonstrates that again the level of 
maternal organic provision is greatest when facilitated by specialized fetal and/or 
maternal structures. Unlike the Chondrichthyes the yolk sac is not developed fur¬ 
ther than its function as a yolk store; but in parallel with the Chondricthyes some 
species do have gland-rich trophonemata which reach from the uterine surface into 
the mouth or gill cleft of the embryo. The other structures, pericardial sac, tropho- 
taeniae or fin extensions, are unique to a few families of the Osteichthyes (Fig. 3.2) 
(Schindler and Hamlett 1993). 


3.1.4.1 Pericardial Sac 

In three families, (Anablepidae, Poeciliidae and Goodeidae), gestation starts in the 
follicle. In early development the coelomic cavity around the heart extends to form 
an extraembryonic (exocoelomic) sac whose wall consists of somatopleuric meso¬ 
derm bounded by trophectoderm. This sac enlarges to a variable degree in differ¬ 
ent genera enclosing the entire head in some cases (Fig. 3.2). It is richly 
vascularized and blood from the body flows through this portal system before 
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Fig. 3.2 Placental membrane relationships in the bony fishes (Osteicthyes) 
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returning to the heart. The trophectoderm is closely apposed to a well-vascularized 
follicular epithelium, and capillary indentation of fetal and maternal epithelial lay¬ 
ers is observed in some species in later gestation. The degree of development of 
the pericardial sac varies considerably in different genera. Lebistes (Kunz 1971) 
and Poecilia (Tavolga and Rugh 1947) still retain a large yolk sac but the develop¬ 
ment of a small pericardial sac increases the efficiency of the organic transfer 
(Table 3.1). Heterandria has a much larger pericardial sac covering the entire head 
and most of the body at one stage with only a small yolk sac (Fraser and Renton 
1940; Grove and Wourms 1991) and this combination produces a considerable 
increase (4,000%) in organic material during gestation. In Anableps the pericardial 
sac does not cover the head but expands ventrally into the area normally occupied 
by the yolk sac (vestigial in Anableps). The pericardial sac develops vascular 
swellings (‘bulbs’) under the trophoectoderm surface which is closely apposed to 
a proliferation of slender, richly vascularized villi developed from the follicular 
epithelium (Fig. 3.2). Fetal and maternal epithelia are tightly adherent and the 
efficiency of this true placental structure is exemplified by the vast increase in 
organic transfer (800,000%, Table 3.1) during intrafollicular development (Knight 
et al. 1985). 

The Anablepidae also show considerable embryonic gut expansion in the 
last third of pregnancy so that the gut wall comes to lie close to the pericardial 
sac with its placental function (Fig. 3.2). The relevance of this juxtaposition to 
increased fetomaternal exchange is unknown. This association of a vascular¬ 
ized endodermal sac (the hind gut) with the trophectoderm of the pericardial 
sac is directly analogous to the formation of the allantochorion in amniotes. 
Many other viviparous genera show similar gut expansion and direct absorp¬ 
tion of follicular or ovarian fluid via mouth or anus has been suggested 
(Wourms 1981). 


3.1.4.2 Trophotaeniae 

These are extensions from the hind gut epithelium (endoderm) which are richly 
vascularized by splanchnic mesoderm (Fig. 3.2). They range from small rosettes to 
groups of ribbon-like appendages as long as the embryo. 

Trophotaeniae are present in several unrelated families, but are best developed 
in the Goodeidae, of which Ameca splendens has been best investigated (Lombardi 
and Wourms 1985a-c; Wichtrup and Greven 1985). Embryos are released early 
from the follicle into the ovarian lumen; there may be a brief pericardial sac and 
yolk sac stage before the development of the trophotaeniae. There is a close rela¬ 
tionship between the trophotaeniae and the ovarian epithelium but never a perma¬ 
nent adherence. Ultrastructural and tracer studies indicate that the trophotaenial 
epithelial cells are greatly specialized for endocytotic absorption (Schindler and 
DeVries 1987) and the ovarian epithelial cells for secretion. The efficiency of the 
system is indicated by the 15,000% increase in fetal organic material during gesta¬ 
tion (Table 3.1). 


90 


3 Fish, Amphibian, Bird and Reptile Placentation 


3.1.4.3 Other Systems 

Two other families show large dry weight increases during gestation (Wourms 1981). 
Embiotocidae (20,000% increase) have spatulate fin extensions, an enlarged hind gut and 
lie close to an actively secreting ovarian epithelium; and Jennynsici (24,000% increase) 
has ovarian trophonemata extending into the mouth and buccal cavity (Fig. 3.2). Nothing 
is known of the functional cytology of these ostensibly efficient associations. 


3.1.5 Homologies Between Fish and Amniote Placentas 

Based on embryological derivation and intimacy of apposition the chondricthyan 
yolk sac placenta is directly homologous to the trilaminar choriovitelline placenta 
of mammals. Functionally there may be differences since the most specialized fish 
placenta appears to have a considerable respiratory function, judging by the exten¬ 
sive capillary indentation and attenuation of the fetal and maternal epithelia (Cate- 
Hoedemaker 1933; Schlernitzauer and Gilbert 1966). Similar modifications are 
reported for the persistent trilaminar yolk sac of most marsupial families (Luckett 
1976; Tyndale-Biscoe and Renfree 1987). This contrasts sharply with eutherians, 
which have tall columnar trophectodermal cells over the transient trilaminar yolk 
sac designed more for macromolecular uptake rather than for gas exchange. 

Trophotaeniae are essentially exteriorized giant gut villi, with an endodermal epi¬ 
thelium vascularized by splanchnic (gut) mesoderm (Fig. 3.2) (Fombardi and Wourms 
1985a-c). They are thus homologous to the inverted fetal yolk sacs of rodents and 
insectivores (Fig. 1.3) and like them specialized for endocytotic uptake rather than gas 
exchange and with a similar loose association with the maternal epithelium. 

The pericardial sac membrane of Poeciliidae and Anablepidae consists of 
somatopleuric mesoderm underlying trophectoderm. The extension and folding of 
the sac over the embryonic head (Grove and Wourms 1991) indicates that it is 
functionally homologous with the chorionic headfold which produces the amniotic 
cavity in some amniotes. In amniotes the somatopleuric chorion would not nor¬ 
mally be vascularized until reached by the allantoic mesoderm, but in the Poeciliidae 
vascularization spreads from the adjacent yolk sac portal circulation as this yolk sac 
is superseded by the pericardial sac (Turner 1947; Knight et al. 1985). In 
Anablepidae the modified pericardial sac and villous elaborations of the maternal 
follicular epithelium are firmly adherent and Wourms (1981) seems entirely justi¬ 
fied in defining this as a true follicular epitheliochorial placenta, not a ‘pseudo’ 
placenta (Turner 1947). It is much more efficient than a yolk sac placenta in facili¬ 
tating embryonic dry weight increase and possibly represents a parallel develop¬ 
ment to the replacement of the yolk sac by the chorioallantoic placenta in mammals. 
How specialized the apposed epithelia of the follicular placenta are with respect to 
gas exchange and macromolecular uptake remains to be determined. 

Clearly the fish have evolved placental structures remarkably analogous to those 
in the amniotes. Apart from intrauterine cannibalism, proliferation of a yolk sac or 
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a non-yolk sac extra-embryonic membrane in intimate association with maternal 
tissue seems to be the most efficient solution to the problem of nutrient transfer. 


3.2 Amphibia 
3.2.1 Introduction 

Like the fish, all of the Anuran amphibians have external fertilisation but the Urodeles, 
although having fewer species, have developed internal fertilisation and have evolved 
many viviparous forms (Wake 1993). Most provide internal nutrition by secretions of the 
oviduct or ovary. There is little evidence of fetal modifications for fetomatemal transfer. 
Some species do show expansions of a highly vascularized tail or gill extensions, but how 
closely these are related to maternal tissues remains to be demonstrated. 


3.2.2 Classification 

Class Amphibia 

Order Anura, Frogs and Toads 

This order has some remarkable adaptations to viviparity (Hogarth 1976). 
Rheobatrachus broods the young in its stomach, digestion being suspended for the 
7 month duration. In Rhinoderma the male incubates the young in its vocal chord 
pouch for a similar period. The dorsal skin modifies into individual pouches in 
which the young develop in Pipa and Gastrotheca; the former has an expanded 
vascularized tail, the latter leaf-like gill extensions wrapped around the embryo 
(Del Pino et al. 1975). Similar modifications are seen in many free-living juvenile 
forms and further investigation is necessary to establish if the association with the 
maternal tissue is close enough to be considered placental. Nectophrynoides is, 
more conventionally, retained in the oviduct and depends on the epithelial secre¬ 
tions for maintenance and growth (Xavier 1976; Wake 1993). 

Order Urodela, Salamanders 

Nearly all the salamanders have internal fertilization, but only one of the 400 
species, S. atra, is obligately viviparous. It relies on ovarian/oviductal secretions for 
growth (Wake 1993). 

Order Gymnophiona (Apoda, legless burrowers). 

Only 25 of the 170 species have been investigated; half of these are viviparous, sup¬ 
ported by lipid-rich ovarian/oviductal secretions with no obvious fetal modification to 
facilitate absorption. Some have a long gestation period, depend on yolk for the first 3 
months but then develop on ovarian secretions for a further 9 months. Viviparity is nor¬ 
mally associated with extreme conditions of altitude or desiccation (Wake 1993). 
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3.3 Aves 

The only class with no viviparous forms. All birds have the full complement of 
embryonic membranes in the egg with very little variation despite enormous differ¬ 
ences of habitat and size. The massive amount of yolk in the yolk sac is the initial 
and continuing source of nutrition; the allantois with deeply indented capillaries is 
the organ of respiration within the egg (see Mossman 1987). 


3.4 Reptilia 

3.4.1 Introduction 

The reptilia are mostly egg-laying amniotes with a full complement of extraembryonic 
membranes. Two orders, Crocodilia and Chelonia have extraembryonic membranes 
like the birds and all are oviparous. The Squamata, lizards and snakes, although with 
basically the same membranes as birds have a unique yolk sac modification. Most are 
oviparous but have evolved viviparity over 100 times within the order and 20% of the 
extant species are viviparous. The adoption of viviparity may be associated with 
extremes of habitat (Panigel 1956; Shine and Bull 1979; Thompson and Speake 2006). 
A few genera today have oviparous and viviparous species in different climatic areas 
and there are also three species of lizards that are said to be reproductively bimodal 
having both oviparous and viviparous populations (see references in Blackburn 2000). 

Oviparous species depend upon large amounts of yolk and a protective, calcified shell. 
Many viviparous species also rely on a significant amount of yolk, but the egg is retained 
in the oviduct or uterus for up to 9 months; the shell may be reduced to an acellular 
fibrous layer (shell ‘membrane’) which fragments in utero in some, and a few ovulate 
eggs with very little yolk. The extraembryonic membranes have developed into structures 
facilitating fetomatemal exchange (Stewart and Blackburn 1988; Blackburn 1993; 
Stewart 1993; Stewart and Thompson 2000; Thompson and Speake 2006; (Fig. 3.3)). 

3.4.2 Classification 

Class Reptilia 

Orders Chelonia (turtles), Crocodilia 
All species oviparous. 

Order Squamata 

Suborder Lacertiliformes (lizards) 

Most families oviparous with an occasional viviparous lineage. The Family Scincidae 
have the most viviparous forms such as Chalcides, Eulamprus, Mabuya, and 
Xantusia, but far more skinks are oviparous like Bassiana or Morethia. 

Suborder Serpentiformes (snakes) 
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Most species are oviparous, only about 20% are viviparous. Some examples of 
viviparous snakes are to be found in the Families Colubridae (Thamnophis, 
garter snake); Hydrophiidae (Hydrophis, sea snake) and Viperidae (Viper). 

3.4.3 Suborder Lacertiliformes (Lizards) 

All lizards have yolk sac and chorioallantoic extraembryonic membranes which 
persist to hatching/term but show a wide variety of sizes and structures. 


3.4.3.1 Yolk Sac 

If the yolk sac contains a significant amount of yolk, a bilaminar (ectoderm plus 
endoderm, bilaminar omphalopleur) non vascular area persists on the abembryonic 
side of the conceptus. This remains because the mesodermal derivative, which would 
normally insert between the bilayer to provide the potential for forming a vascularised 
trilaminar yolk sac, instead grows into and isolates a bottom (abembryonic) crescent 
of yolk against the bilayer called the isolated yolk mass (Stewart 1993) (Fig. 3.3). 
This assemblage (uterine epithelium - eggshell - bilayer - isolated yolk mass - meso¬ 
derm) is referred to as the omphaloplacenta, is unique to, but present in, virtually all 
the Squamata and does not develop a blood supply. The upper part of this mesodermal 
ingrowth or yolk sac cleft (see Fig. 3.3) is vascularised later in pregnancy to facilitate 
mobilisation of the upper mass of yolk for embryonic growth. In oviparous species 
the omphaloplacenta may play a role in histotrophic or water uptake prior to oviposi- 
tion, but the yolk has practically disappeared before hatching, crowded out by growth 
of the allantois (Fig. 3.3). Viviparous species with shell ‘membrane' loss early in 
pregnancy (Pseudemoia spp) develop the omphaloplacenta at a later stage in utero 
and some retain it in late pregnancy as forty percent or more of the placental surface 
with uterine and yolk sac epithelial proliferation indicating evidence of histological 
transfer (Stewart and Thompson 2000; Thompson and Speake 2006). However in the 
viviparous Chalcides it regresses well before birth (Blackburn and Callard 1997) and 
in Mabuya spp. there is no histological evidence for its formation (Blackburn and Vitt 
2002; Jerez and Ramirez-Pinilla 2003). 


3.4.3.2 Chorioallantois 

The chorioallantoic placenta is extensive in lizards, with highly vascularized fetal and 
maternal epithelia always separated by a shell in oviparous forms, but in close apposi¬ 
tion in viviparous forms in later gestation when the shell disappears. The early work 
of Weekes (1935) defined three structural types of chorioallantoic placentas, recent 
work has added a fourth (Blackburn and Vitt 2002) and provided measurements of 
the dry weight increase from egg to neonate (Stewart and Thompson 2000) to facili¬ 
tate comparisons of placental transfer (or “efficiency”) as in the fish. 
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Fig. 3.3 Placental membranes in reptiles. Not shown is the very thin acellular shell membrane 
which persists between the trophectoderm and uterine epithelium in many reptiles 
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Type I includes the vast majority of oviparous and viviparous species. The tro- 
phectoderm is a smooth cellular layer deeply indented by the allantoic capillaries 
and closely apposed to the shell. In viviparous forms the shell disappears during 
gestation and the trophectoderm is then apposed to a similarly thin cellular uterine 
epithelium with indenting capillaries forming a structure optimising respiratory 
exchange (Fig. 3.3) and as shown in Xantusia also a site capable of considerable 
amino acid uptake (Yaron 1977). 

Electron microscope and high resolution light microscope studies (Stewart and 
Thompson 2004) have established that all Type I trophectoderm and uterine epithe- 
lia so far investigated are cellular not syncytial as suggested by Weekes. 

The chorioallantoic placenta covers the embryonic half of the conceptus at mid 
pregnancy. In some species this area increases as expansion of the allantois and 
yolk utilisation reduces the yolk sac placenta to an insignificant area by late preg¬ 
nancy (Fig. 3.3). However in many other species the yolk sac placenta hypertro¬ 
phies and persists throughout gestation (Stewart 1993). Neonatal dry weight is 
10-25% lower than the egg in both oviparous (e.g. Bassiana, 15% loss) and vivipa¬ 
rous ( Eulamprus , 16% loss) species, so there is no appreciable increase in placental 
organic transfer in viviparous type I species. 

Type II, all viviparous with early shell loss, show a more structured, ridged cho¬ 
rioallantoic placenta, still with respiratory exchange areas but also with more vari¬ 
ation in the trophectodermal cell types but no significant increase in maternofetal 
transfer ( Niveoscincus metallicus, 20% loss). However Niveoscincus ocellatus 
manages a 170% increase in dry weight, the increased transfer presumably result¬ 
ing from the proliferation of the omphalopleur in mid pregnancy in this species, 
since both have similar chorioallantoic placental structure. 

Type III may also show abembryonic omphalopleuric proliferation (Pseudemoia) 
but in addition develop an oval expansion at the embryonic side, of chorioallantoic 
villous folds of loosely apposed columnar trophectoderm and uterine epithelial 
cells called a placentome (Fig. 3.3). There is structural evidence to indicate that 
there is considerable placentomal histotrophic transfer to the trophectoderm from 
the uterine epithelium. The non placentomal chorioallantois shows the same respi¬ 
ratory specialisation as seen in Types I and II. The placentome in Pseudemoia spp. 
does not produce any great increase in transfer over the Type II of N. ocellatus, with 
values ranging from 130 to 216% (Thompson and Speake 2006). 

Type IV placentas in Mabuya spp. however, do support a massive 39,GOO- 
47,000% increase in dry weight. Starting with a tiny yolk poor egg at least 50 times 
smaller than any found in Types I, II or III, Mabuya relies on four diversified chori¬ 
oallantoic structures which together cover all of the conceptus surface (Jerez and 
Ramirez-Pinilla 2001). The yolk sac placenta regresses before any significant trans¬ 
fer occurs (Blackburn et al. 1984). The first structural modification is areas for res¬ 
piratory exchange, as in Types I, II and III. The second is areolas, local dome 
shaped expansions of columnar absorptive trophectoderm over actively secreting 
uterine gland mouths. Gland secretions may be available in the other Types but no 
correlated trophectodermal differentiations have been reported. The third feature is 
numerous (—50) small (~0.5 mm diameter at stage 40) “absorptive plaques” scat- 
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tered over the abembryonic half of the chorioallantoic placenta and the fourth 
a much larger and more complex placentome (~7 mm diameter) than Type III, occu¬ 
pying most of the top of the embryonic half of the conceptus (Ramirez-Pinilla 
2006). Excellent recent light and electron microscopical studies (Blackburn and 
Vitt 2002; Ramirez-Pinilla et al. 2006) show that while the plaque and placentomal 
trophectoderm shows similar cell types—large columnar binucleate cells inter¬ 
spersed with very thin columnar uninucleate interstitial cells (Fig. 3.3)—the placen¬ 
tomal cells are 5-10 times the size of the plaque cells and show quite different 
ultrastructure. The plaque cells irregular apices are closely apposed to those of the 
cellular columnar uterine epithelium. In striking contrast the placentomal trophec- 
todermal apices bear extensive long microvilli which are closely interdigitated with 
the uterine microvilli forming a wide microvillar band and the uterine epithelium is 
a syncytium, the only adequately illustrated example found in the reptiles so far. 

Both plaque and placentome cells show ultrastructure indicating extensive his- 
totrophic transfer. There is a further very anomalous type of small cell occasionally 
interrupting the microvillar junction of the placentome (not shown in Fig. 3.3). 
Their origin is uncertain but they do seem to have an intimate relationship with the 
uterine epithelial syncytium (Vieira et al. 2007). 

Immunocytochemical, in situ hybridisation and molecular biological studies 
aimed at identifying the functions of these four very different chorioallantoic struc¬ 
tures should provide a better understanding of how placental structure developed to 
support viviparity. 

Types I to IV have almost certainly evolved separately, no evolutionary sequence 
has been suggested, but the range within the same order provides a unique oppor¬ 
tunity to investigate placental function and evolution, as so ably demonstrated by 
the work of Blackburn, Stewart and Thompson and their colleagues. 


3.4.4 Suborder Serpentiformes (Snakes) 

In all snakes the shell membrane persists to term, and all have large amounts of 
yolk. The placental membranes of viviparous snakes are similar to those of Type I 
lizards in having a respiratory chorioallantoic placenta over the embryonic half and 
an avascular bilaminar omphalopleur showing ultrastructural evidence for consider¬ 
able histiotrophic transfer (Blackburn and Lorenz 2003a,b; Stewart and Brasch 
2003) over the abembryonic side throughout pregnancy. No specialised chorioal¬ 
lantoic placentomal areas have been reported and a major difference with the 
lizards is the growth of the allantois into the yolk sac cleft early in pregnancy to 
form what is referred to as an omphalallantoic placenta (omphaloplacenta plus 
allantois). Autoradiographic evidence indicates that the trophectoderm of the 
omphaloallantoic placenta is a major site of nutrient transfer (Hoffman 1970). 
However there is no evidence of significant organic uptake overall, since all snakes 
investigated so far show egg to neonate dry weight losses between 2 and 35% 
(Stewart and Thompson 2000). 
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3.4.5 Homologies Between Reptile, Fish and Amniote Placentas 

The reptiles thus show many examples of the development of specialized fetoma- 
ternal extraembryonic membrane apposition as a result of reduction or loss of the 
shell membrane in eggs retained in the uterus. 

The yolk sac is important in many species, providing both respiratory and nutri¬ 
ent uptake. It is never as specialized as in some elasmobranchs (Mustelus canis) for 
respiratory exchange because this function is provided by the chorioallantoic pla¬ 
centa and the two placentas coexist in snakes, lizards and other amniotes. 

In lizards with Type IV placentas, Mabuya sp.. with the smallest, least yolky 
eggs and earliest shell loss, the chorioallantoic placenta supersedes the early yolk 
sac and develops four structurally diversified areas (see above). The placentome is 
elaborately folded, increasing the surface area available for endocytotic uptake, and 
much of the remainder is specialized for respiratory exchange. This arrangement is 
functionally analogous, but structurally reversed, to that seen in the mammalian 
chorioallantoic placenta, in which the folded area provides for respiration. The are¬ 
olae and absorptive plaques also have structural parallels in the mammalian epithe¬ 
liochorial placentas such as those in the pig. 

Superficially the trophectodermal binucleate cells and the uterine epithelial syncy¬ 
tium in Mabuya sp. resemble the patterns typical of the ruminant placentomes in sheep 
and goats (Wooding 1992). However in Mabuya all of the placentomal trophectodermal 
cells are binucleate and of equivalent ultrastructure, not a minority population of unique 
ultrastructure. In addition the syncytium is apparently formed solely from maternal 
uterine epithelial cells and not by the migration and fusion of the fetal binucleate cells 
to form a fetomaternal hybrid layer as in the ruminants. The use of the category “synepi- 
theliochorial” (Wooding 1992) to describe this part of the Mabuya placenta (Ramirez- 
Pinilla et al. 2006) is therefore inaccurate and misleading. 

The results suggest that the chorioallantoic placenta is phenotypic ally more flex¬ 
ible than the yolk sac but also infer a basic limitation of that genetic repertoire 
because such widely different phyla, Reptilia and Mammalia, both produce similar 
structures from the basic uterine epithelium - trophoblast apposition. The 18 spe¬ 
cies of South American Mabuya have habitats ranging from the Andean mountains 
(Ramirez-Pinilla papers) to tropical (Mabuya heathii, Blackburn and Vitt 2002) but 
the details of the tiny eggs and placental complexity are very similar. They are con¬ 
sidered monophyletic and there is no evidence that extremes of environment result 
in any obvious changes. They all show the arolae and placentomal structures so 
analogous to those in certain mammalian orders. 

The structural similarities are the more surprising because the main nutrients 
transferred, lipids in reptiles (Speake et al. 2004; Thompson and Speake 2006) and 
glucose in mammals (Joost and Thorens 2001) are so different. Immunocytochemistry 
of the various different transporters could provide useful structure/function corre¬ 
lates for the four Mabuya structural categories. 


Chapter 4 

Monotreme and Marsupial Placentation 

Class Mammalia, Subclasses Prototheria 
(Monotremata, e.g. Platypus) and Metatheria 
(Marsupialia) 


4.1 Introduction 

Prototheria (e.g. Platypus) lay eggs and Metatheria (e.g. Kangaroo) produce shelled 
eggs in utero with the same reliance as birds on a bi- or trilaminar yolk sac and 
allantois for mobilization of yolk and respiratory exchange. However, they all have 
far less yolk and a much earlier hatching or birth than the birds and require subse¬ 
quent mammary nutrition and in Metatheria, protection in a pouch (Luckett 1976, 
1977; Tyndale-Biscoe and Renfree 1987). A few marsupials lose their shell during 
development in utero and show localized invasion of the uterine epithelium by the 
yolk sac trophectoderm, and other families develop an area of chorioallantoic pla¬ 
centation in the last quarter of the typically very short 12-14 day gestation. 


4.2 Prototheria (Monotremata) 

Two families only 

Ornithorhyncus: Platypus 
Tachyglossus: Echidna 

The eggs are much smaller than those of equivalent sized reptiles or birds with 
a much greater increase in size by absorption of uterine secretions in utero prior to 
shell deposition. The blastocyst forms precociously and has 19 somites when the 
egg is laid after about 18 days of development. The mesoderm has spread to pro¬ 
duce a vascularized trilaminar yolk sac over two-thirds of the blastocyst with the 
remainder bilaminar and avascular (Luckett 1977; Hughes 1993) (Fig. 4.1). 

The trophectoderm of the trilaminar region is thin, minimizing the gas diffusion 
distance to the yolk sac capillaries, while the endodermal cells are columnar, 
actively absorbing yolk and transporting it to the same capillaries. In the avascular 
bilaminar portion the cell types are reversed, a columnar absorptive ectoderm and 
thin endoderm. 


P. Wooding, G. Burton, Comparative Placentation, 
© Springer-Verlag Berlin Heidelberg 2008 
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Shell 



MONOTREMES 



PERAMELES; CHORIOALLANTOIC PLACENTA DEVELOPMENT 


Fig. 4.1 Placental membranes in monotremes and marsupials 
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After the egg is laid the amnion folds fuse and the allantois develops as the usual 
hind gut outgrowth eventually, about halfway through incubation, forming a vascu- 
larised chorioallantoic membrane over half the inside of the egg. This has a much 
higher capillary density than the trilaminar yolk sac which persists over the other 
half; the bilaminar segment is finally a mere remnant (Luckett 1977; Hughes 1993) 
(Fig. 4.1). 

The trophectoderm over the late-gestation trilaminar yolk sac and chorioallan¬ 
tois is said to be thin, which would facilitate haemotrophic exchange, but there are 
no detailed studies available to verify this. 


4.3 Metatheria (Marsupialia) 

Seven major families 

Dasyuridae: insectivores and carnivores 
Didelphidae: American opossums 
Peramelidae: bandicoots 
Macropodidcie: kangaroos, wallabies 

Phalangeridae: arboreal Australian opossums (Trichosurus) 

Phascolarctidae: koala 
Vombatidae: wombats 

There is an excellent general account of marsupial reproduction (Tyndale- 
Biscoe and Renfree 1987) and a recent review (Renfree 2006). 

Metatheria have even less yolk than Prototheria, cleavage is complete (holoblas- 
tic) and the hollow blastocyst is retained in the uterus initially bounded by a shell 
membrane. 

Pregnancy is short (from 13 days in the lOOg Monodelphis to 36 days in the 
[largest] 30 Kg Kangaroo) and completed within the duration of one ovarian cycle; 
there is no system for prolonging the life of the corpus luteum. The shell membrane 
breaks down in mid pregnancy. 

Most families have similar fetal membrane development to Prototheria, but the 
allantois is smaller and forms a chorioallantoic placenta in only a few species (Fig. 
4.1). 

The bilaminar yolk sac persists to the end of pregnancy absorbing uterine 
secretions by endocytosis before and after shell membrane rupture. Amino 
acids are taken up by this route and the yolk sac lumen can contain up to 
ten times the concentration in the maternal plasma. The trilaminar yolk sac occu¬ 
pies as much as two-thirds of the egg surface and shows a thin trophectodermal 
layer over the yolk sac capillaries, suggesting a predominantly respiratory 
function. 

After the shell membrane disappears in mid- to late pregnancy the trophecto¬ 
derm of the bi- or trilaminar yolk sac is apposed to the uterine epithelium in most 
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Fig. 4.3 Definitive structure of the chorioallantoic placenta in the marsupial family Peramelidae. (a) 
Near term, 12 CR: The fetal trophectoderm is no longer visible but the fetal blood vessels (FV) are 
separated from the maternal (MV) by only a thin layer of cytoplasm continuous with the syncytial 
plaques (S) which contain two sorts of nuclei (N and n) Isoodon , x480. (b) 12 mm CR: Electron 
micrograph of the attenuated cytoplasmic layer (S) between fetal (FV) and maternal (MV) blood 
vessels. CT, maternal connective tissue. Isoodon , x 15,000. From Padykula and Taylor (1976) 

families. There is no interdigitation of microvilli but there is an increase in the area 
of apposition of the trilaminar yolk sac by growth of folds in the uterine epithelium 
in the second half of pregnancy (Harder et al. 1993). Late in pregnancy (at 92% of 
term in Monodelphis and 97% in Sminthopsis, Freyer et al. 2003) some species 
show a trophectodermal invasion of the uterine epithelium from either the bi- ( Sminthopsis ) 
or the trilaminar ( Monodelphis ) portions of the yolk sac (Fig. 4.1). The trophec¬ 
todermal invasion may be by “giant” cells (Didelphidae: Philander. Enders and 
Enders 1969; Dasyuridae: Sminthopsis. Roberts and Breed 1994) or by a syncy¬ 
tium (Didelphidae: Monodelphis Freyer et al. 2007). This brings trophectoder¬ 
mal processes up to and possibly across the uterine epithelium basement 


Fig. 4.2 Development of chorioallantoic placenta in the marsupial family Peramelidae (compare 
with the diagram on Fig. 4.1). (a) 7 mm Crown Rump (CR) length; close apposition (white arrow¬ 
heads) between the cellular fetal trophectoderm (T) (m, fetal mesoderm) and uterine epithelial 
syncytial plaques (S). Note that the plaques are deeply indented by the maternal capillaries (MV) 
Isoodon, x400. (b) 10mm CR. The fetal blood vessels (FV) do not indent the cellular fetal troph¬ 
ectoderm (T) in the way that the maternal vessels (MV) indent the uterine epithelial syncytial 
plaques (S). The plaques contain two sorts of nuclei: N, morphologically similar to those in the 
trophectoderm cells; and n, similar to those in the original syncytial plaques. CT maternal connec¬ 
tive tissue. Perameles', x400 
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membrane, apparently targeting the endometrial blood vessels (Zeller and Freyer 
2001). These invasive plaques in Monodelphis increase in number up to term but 
never replace all of the uterine epithelium. The extent and consequent function 
of this epitheliochorial to endochorial structural transition at such a late stage of 
pregnancy is unknown. 

The allantois is reported to form a chorioallantoic placenta in only three fami¬ 
lies. Phascolarctidae, Vombatidae and Peramelidae, and only the last has been 
investigated in detail. In the peramelids, Perameles and Isoodon, the allantois vas¬ 
cularizes the trophectoderm in the last one-third of a very short 12-day pregnancy 
(Padykula and Taylor 1976). It forms a chorioallantoic placenta in close apposition 
to the uterine epithelium occupying a far smaller area than the persistent bi- and 
trilaminar yolk sac placentas (Fig. 4.1). 

In Perameles at 9 days post coitum or post-ovulation, the entire uterine epithe¬ 
lium apposed to the conceptus develops from a unicellular layer into individual 
plaques of syncytium containing uniformly small round nuclei. The uterine capillaries 
deeply indent these syncytial plaques. The apposed trophectoderm is undifferentiated 
and unicellular with large irregularly shaped nuclei (Fig. 4.2a). As the vasculariza¬ 
tion of the chorioallantoic trophectoderm increases, the cell membranes between 
the trophoblast cells and also those shared with the uterine syncytium disappear. 
The fetal blood vessels indent the fused epithelia and now two sorts of nuclei are 
recognizable in the uterine epithelial syncytial plaques, small round ones and others 
with large irregular profiles (Fig. 4.2b). Eventually the unicellular trophectoderm 
can no longer be distinguished and only very thin laminae continuous with the syn¬ 
cytial plaques separate maternal and fetal blood vessels (Padykula and Taylor 1976) 
(Fig. 4.3a, b). 

From the time course of the trophectodermal disappearance and the evidence of 
the two types of nuclei in the syncytial plaques it seems that the trophectoderm cells 
fuse with the uterine epithelial syncytial plaques. Such fetomaternal cell fusion 
would significantly reduce the number of membrane barriers between fetal and 
maternal blood and greatly facilitate fetomaternal exchange. The trophectoderm 
does not vanish but forms part of a fetomaternal hybrid syncytium directly analo¬ 
gous to the similar system produced in sheep and goat chorioallantoic placentas by 
fusion of fetal binucleate cells with uterine epithelial cells (Chap. 6). 

The chorioallantoic placenta in the peramelids supports considerable embryonic 
growth. Even though their gestation is the shortest of any marsupial, their neonates 
are relatively well developed at birth (Tyndale-Biscoe and Renfree 1987). This 
indicates that the chorioallantoic placenta may well be more efficient than the yolk 
sac type (Freyer et al. 2004). 

The marsupials thus show several features, such as trophectodermal invasion and 
formation of chorioallantoic fetomaternal hybrid tissue, which have close parallels 
in eutherian Ruminant placentas (see Sect. 6.2.4). This seems to be another exam¬ 
ple of parallel evolution, the same functional demands producing similar structures 
from basically the same fetal membrane repertoire, rather than any indication of an 
evolutionary relationship between the groups. 


Chapter 5 

Eutheria: Epitheliochorial Placentation 
Pig and Horse 


5.1 Introduction 

In this form of placentation the uterine epithelium and trophectoderm come into 
contact, the fetal and maternal microvilli interdigitate and placental development 
essentially involves a vast increase in area with no loss of any layers between the fetal 
and maternal bloodstreams. The exclusively cellular layers may become exceedingly 
attenuated, reducing the diffusion distance as pregnancy proceeds, but all persist to 
term (Amoroso 1952; Steven 1975a, 1983; Ramsey 1982; Mossman 1987). 

The uterine glands are numerous and actively secreting through pregnancy 
(Bazer and First 1983), and there are fetal expansions over the gland mouths, form¬ 
ing areolae consisting of cells specialized for histotrophic absorption. The domestic 
pig placenta will be described as the basic type, and variations on that pattern con¬ 
sidered for the horse, American mole (Scalopus) and the primates (lemurs and 
Galago). 


5.2 Pig, Sus scrofa 


Oestrous cycle: 21 days 
Ovulation: spontaneous 

• Uterus: bicornuate 

• Litter: 6-12 

• Gestation: 114 days 

• Implantation: superficial 

• Amniogenesis: folding 

• Yolk sac: initially large and vascularised, remnant persists, apparently functional 
to 50dpc 

• Chorioallantois: forms definitive placenta 

• Shape: diffuse, simple villous 

• No decidual reaction 

• Interhaemal membrane: epitheliochorial 


P. Wooding, G. Burton, Comparative Placentation , 
© Springer-Verlag Berlin Heidelberg 2008 
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Accessory placental structures: areolae (Brambel 1933; Friess et al. 1981) 

The major characteristics (•) are found in the families Suidae, Hippopotamidae 
and Camelidae (Mossman 1987). 


5.2.1 Pig Fetal Membranes 

At implantation (15 dpc, see below) the conceptus is a mostly trilaminar, filamen¬ 
tous blastocyst. The yolk sac forms what is probably a briefly functional bilami- 
nar absorptive yolk sac placenta before its attachment to the trophectoderm is 
disrupted by growth of the allantois. The yolk sac lumen then collapses but still 
retains a good blood supply. Healthy yolk sac endodermal cells with enormous 
mitochondria and large amounts of smooth endoplasmic reticulum are found up 
to 50 days of gestation (Tiedemann and Minuth 1980) but they regress in the 
second half of pregnancy. 

Between 22 and 28 dpc the allantois expands to contact and vascularize most of 
the inner surface of the trophectoderm. This forms the chorioallantoic placenta and 
the vascularization also spreads into the amniochorionic membrane over the back 
of the embryo (Amoroso 1952) (Fig. 1.1). 


5.2.2 Development of the Pig Placenta 

The pig conceptus passes into the uterus as a spherical 100 mm blastocyst within a 
zona pellucida. By 8-9 dpc it is correctly spaced in the uterus and out of the zona 
(see chapter 2.1.1). It then grows with rapid mitoses to a 700pm sphere by 11 dpc. 
The mitotic rate slows but then with peak IL1 (3 secretion by the blastocyst (Ross et 
al. 2003), remarkably rapid changes in cell shape and size remodel the sphere into 
a 100mm thin filament by 12dpc (Fig. 5.1).The rapid mitotic rate resumes and by 
16 dpc the filament is up to 1 m long. Recent molecular genetic studies show a large 
number of genes are upregulated in the remodelling (Blomberg et al. 2006) and 
indicate more cell division at this time than the previous workers thought (Geisert 
et al. 1982a,b,c; Pusateri et al. 1990). 

Between 11 and 12 dpc the blastocyst secretes estrogen, which switches the 
endometrial secretion of PGF2a from being directed into the uterine capillaries to 
release into the uterine lumen. This is the “maternal recognition of pregnancy” 
signal, preventing the luteolysis of the corpus luteum by the prostaglandin and thus 
maintaining the progesterone secretion essential for a successful pregnancy (Bazer 
et al. 1986; Spencer et al. 2004a). 

A minimum of four conceptuses are necessary to produce enough estrogen to 
stimulate the uterus to modify its prostaglandin secretion so that the luteal proges¬ 
terone production is maintained. Subsequent fetal death may result in litters of less 
than four (Polge et al. 1966). There is also evidence for an optimal length of uterus 
per conceptus at 20-25 dpc (Wu et al. 1989). 
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Further production of oestrogen by the blastocyst between 15 and 30dpc stimu¬ 
lates secretion from the uterine epithelium and glands (Geisert et al. 1991; Spencer 
et al. 2004). This produces specific proteins which are thought to be involved in the 
growth of the conceptus and the subsequent immunological readjustments neces¬ 
sary for successful implantation. They also support continued luteal growth. Similar 
proteins are produced by the uterus of a non-pregnant pig treated at the correct 
stage of the cycle with artificial oestrogens (Geisert et al. 1991). 

Changes in uterine oedema and increased fenestrations in the capillaries (Keys 
and King 1988) coincide with the adhesion of the filamentous blastocyst to the 
uterine epithelium at 13-14dpc. The fetal and maternal epithelia come into close 
apposition, involving loss of microvilli and considerable glycocalyx erosion, 
along the strip region (Fig. 2.1; Dantzer 1985; Bowen et al. 1996). Molecules 
exposed by the modification of the glycocalyx (Bowen et al. 1996) together with 
newly expressed integrins on both surfaces zip the trophoblast and uterine epithe¬ 
lium close together at a constant separation of -20 pm. Subsequently the fetal and 
maternal microvilli reform but now interdigitate (see Fig. 2.1). This increases the 
fetomaternal exchange area by 10-12 times over a flat apposition (Baur 1977). 
There is no good evidence for formation of any junctions between the apices of 
the fetal and maternal epithelia or for penetration of their tight junction apical 
seals by cellular processes from either side. Neither epithelium forms even a lim¬ 
ited syncytium at any stage of gestation (Dantzer 1985). There are few differ¬ 
ences in the fine structure of the uterine epithelium between the cycle and early 
pregnancy (Keys and King 1989, 1990). Since fetal trophectodermal syncytium 
formation has been reported from ectopic pig blastocyts transferred into the preg¬ 
nant endometrium below the uterine epithelium (Samuel and Perry 1972), this 
layer may be instrumental in blocking fetal syncytium formation and possible 
subsequent invasion. No decidual changes have been reported in the endometrium 
at the implantation site. 

In pig endometrium there is a conceptus dependent threefold increase in CD44 + 
lymphocytes at implantation sites between 10 and 20dpc (Dimova et al. 2007; Croy 
et al. 2006), Isolated populations of such lymphocytes show NK lytic activity from 
12 to 28dpc, with 10% containing perforin and a similar percentage separating as 
large, possibly granulated cells on flow cytometry. All these indicators, as well as 
their probable CD 16+ expression, suggest this is a population equivalent to the 
rodent and human uNK cells. However pig blood NK cells are quite different, being 
smaller and with few if any granules compared to their rodent blood counterparts, 
so it seems this uterine population could equally well be macrophages. No detailed 
morphological characterisation has been carried out as yet. An indication of a pos¬ 
sible role for these pig endometrial cells comes from experiments with normal 
pregnancies where 35% of the conceptuses arrest implantation and degenerate 
between 15 and 25dpc, providing an invaluable comparison between normal and 
adjacent arresting sites (Croy et al. 2006). Laser microdissected lymphocytes from 
normal sites produce angiogenic cytokines (VEGF, HIF) with virtually no inflam¬ 
matory types (IFN y, IL12), while arresting sites show the reverse. It is suggested 
(Croy et al. 2006) that both lymphocyte and trophoblast VEGF secretion are necessary 
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for the initiation of the growth of the maternal capillary net which starts at 16dpc 
(Dantzer and Leiser 1994). The lymphocytes have disappeared by 30 dpc, and sub¬ 
sequent maternal and fetal capillary growth presumably depends on the VEGF 
and other factors produced by both trophoblast and uterine epithelium (Winther 
et al. 1999). 

At 17 dpc proliferation of fetal trophectoderm over the gland mouths has started 
to form the regular areolae, where the fetal and maternal epithelia become widely 
separated by glandular secretion (Amoroso 1952) (Figs. 5.1b, c and 5.2c). 

About 7,000 regular areolae per conceptus are present, fairly evenly spaced, 
from early gestation to term (Fig. 5.1b, c). They triple in area between 30 and 
114 dpc forming 10% of the total chorioallantoic surface area at mid-gestation 
and 4% at term (Brambel 1933). They show a characteristic fine structure 



Fig. 5.1 Epitheliochorial placentation. (a) Note the remarkable change of the shape of the pig 
blastocyst from a 5 mm diameter sphere at lOdpc to a 1 m long thread at 13 dpc; x0.5. From Perry 
and Rowlands (1962). (b,c). Development of a regular areola in a pig placenta, (b) 23 dpc; x80 
(c) mature, 111 dpc; x25 . A, areolus; G, gland; M, myometrium; T, trophoblast; arrowhead, uter¬ 
ine epithelium. 
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Fig. 5.2 Epitheliochorial placentas. Compare the structures of the Lemuroid placentas of 
(a) Loris and (b) Galago with that of (c) the Pig. The pig has mucosal folds whose sides consist 
of fetal villi inserted into endometrial crypts, seen at higher magnification in Fig. 5.3b. A chorionic 
vesicle (asterisk), irregular (open arrow ) and regular (closed arrow) areolae can be seen. The sec¬ 
tion passes through the extreme edge of the regular areola, whose characteristic structure is better 
illustrated on Fig. 5.1c. Loris X15; Galago X 7; Pig X 12. Arrowheads, maternal villi; arrows, fetal 
villi; a, allantois; cv, chorionic vesicle; f, fetal vessel; fa, fetal artery; fv, fetal vein; g, glands; m, 
myometrium. 

(Sinowatz and Friess 1983) and a broad spectrum of enzyme activities (Skolek- 
Winnisch et al. 1985; Firth et al. 1986a,b). Uteroferrin, an iron-containing 
glycoprotein, is among a variety of molecules synthesized in the gland cells 
(Chen et al. 1975; Stroband et al. 1986). This is released into the lumen, taken 
up by the areolar trophectodermal cells and transferred to the fetus, for which 
it represents an important iron source (Raub et al. 1985). The larger and less 
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frequent (about 1,500 per placenta) irregular areolae have significantly differ¬ 
ent fine structure from the regular type but nothing is known of their specific 
functions (Fig. 5.2c) (Brambel 1933; Perry 1981). 

Between 15 and 22dpc the conceptus expands so that it touches the uterine epi¬ 
thelium round the entire circumference and establishes microvillar interdigitation 
over the whole area of the trophectoderm (Dantzer 1985; Hasselager 1985). Further 
growth in the area of the fetomaternal junction is accomplished by development 
first of folds and then division of these into simple villi (Michael et al. 1985; 
Wigmore and Strickland 1985) (Fig. 5.3). 

The result is to maximize the surface area available for exchange between the 
fetal and maternal capillaries and minimize the distance between them. This is 



Fig. 5.3 Epitheliochorial placenta of the pig, development of the placental villi which form the 
fetomaternal hemotrophic exchange area. Note the increase in regional differentiation. The uni¬ 
form trophectoderm and uterine epithelial cell layers forming the folds at 33dpc develop into very 
attenuated layers deeply indented by fetal and maternal capillaries around the apex and sides of 
the fetal villus by 99dpc. At the base of the 99dpc fetal villi the trophectoderm cells are consider¬ 
ably enlarged ( asterisks ) and are involved in pinocytotic, histotrophic uptake. Upward arrows, 
maternal crypts; downward arrows, fetal villi;/a fetal arteriole, fv fetal venule, ma maternal arte¬ 
riole, mv maternal venule (a) 33dpc; xl30 (b) 99dpc; xl70. (b) from Leiser and Dantzer (1988) 
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achieved in the pig by the growth and expansion of a meshwork of capillaries just 
under the epithelium of each fetal and maternal villus. Injection of latex or resin into 
the fetal or maternal vasculature and examination of the resulting casts of the blood 
vessel architecture shows how the maternal meshwork develops, and that the fetal 
and maternal villous meshworks are complementary. Each is supplied by a stem 
artery running up one side of the villus before dividing near the apex into a capillary 
meshwork which drains to veins around the base of the villus (Figs. 2.8, 5.3, 5.4, and 
5.5; (Tsutsumi 1962; MacDonald 1975, 1981; Leiser and Dantzer 1988) (for the 
physiological exchange implication of this arrangement see Chap. 2). 

Increase in size and branching of the villi can be accommodated by expansion 
of the capillary meshwork. As the conceptus grows the fetomaternal junctional 
area and the transport capacity of the placenta increase continuously right up to 
term (Michael et al. 1985). The villi and folds show local differentiation of struc¬ 
ture. The trophectodermal cells at the bases of the fetal villi are tall, columnar and 
specialized for histotroph absorption; they are apposed to similar columnar 
maternal uterine epithelial cells, often with cell debris between (Dantzer et al. 



Fig. 5.4 Epitheliochorial placentation. Pig placenta vascular supply demonstrated with corrosion 
casts (a,c) and cleared sections of injected specimens (b,d) (a) Latex injection of fetal blood sup¬ 
ply viewed from the maternal side showing the capillary network in each villus (v). 105 dpc; x40. 

(b) Injection of the fetal blood supply shows the villus capillary net in cross section. 105 dpc; x40. 

(c) Latex injection of the maternal vasculature viewed from the back showing the network of 
capillaries at the base of each crypt with their supplying or draining arterioles and venules ( arrow¬ 
heads :). 105 dpc; x40. (d) Injection of the maternal blood supply demonstrates on a section the 
maternal crypts into which the fetal villi fit. 75dpc; x50. All from Tsutsumi (1962) 


112 


5 Eutheria: Epitheliochorial Placentation Pig and Horse 



Fig. 5.5 Epitheliochorial placentation. Scanning electron micrograph of a corrosion cast from a 
pig placenta with both maternal and fetal circulations injected with acrylic resin in situ and then 
cross fractured. The complementary nature of the fetal villus (white open arrows) and maternal 
crypt (solid white arrows) capillary networks is elegantly demonstrated, fa/v fetal arteriole and 
venule; fa fetal artery; fv fetal vein; white arrowheads, maternal stem arteries. 99dpc; x95, from 
Leiser and Dantzer (1988) 


1981). The fetal and maternal blood vessels are situated just below the basement 
membranes. The structure is analogous to a miniareola with material produced by 
degeneration of, or secretion by, the maternal epithelium rather than a gland. In 
contrast, at the sides and tips of the fetal villi (sides and base of the maternal villi) 
both epithelia are thin and deeply indented by blood vessels from each side (Figs. 
5.3b and 5.6b) (Steven 1983). 

This reduces the interhaemal diffusion distance to as little as 2 pm, although the 
same number of membrane barriers is present as at the base of the fetal villi where 
the interhaemal distance ranges from 20 to 100pm (Figs. 5.3 and 5.6). 

Indentation of the blood vessels into the epithelia increases as pregnancy pro¬ 
ceeds (Figs. 5.3 and 5.6). There is no evidence for any active process of ‘tunnel¬ 
ling into’ or ‘invasion’ of the epithelia by the blood vessels. The endothelium is 
always separated from the epithelium by a basement membrane. It seems likely 
that indentation results from differential growth, the endothelium growing less 
quickly than the epithelium. 

Breeds differ significantly in the vascular frequency per unit volume of placenta 
(Wilson et al. 1998) but the basic structure is very similar (see Chap. 2.3.1). 

During pregnancy the fetal and maternal villi can be separated manually but 
there is always some maternal epithelium pulled away with the fetal side and vice versa. 
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Fig. 5.6 Epitheliochorial pig placenta. (a,b) Electron micrographs at the same magnification 
illustrating the development of the extreme indentation of the blood vessels into the trophectoderm 
(T) and uterine epithelial layers (U). The depth of the microvillar interdigitation can also clearly 
be seen in (b) ( arrowheads ). F Fetal vessels; M maternal vessels; arrows, glycogen in uterine epi¬ 
thelium. (a) 16dpc; x400 (b) 109dpc; x400 
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At parturition the placenta separates cleanly at the microvillar fetomaternal 
junction and the incidence of retained placentas (see synepitheliochorial placen¬ 
tation, Chap. 6) is negligible. There is a massive release of relaxin from the cor¬ 
pora lutea as a result of the rise in prostaglandins which triggers parturition (First 
and Bose 1979). Processes initiated by these hormonal changes (Bazer and First 
1983) are no doubt involved in releasing the microvillar interdigitation between 
fetal and maternal epithelia to allow an easy placental separation. 


5.3 Horse, Equus caballus 

Oestrous cycle: 22 days 

• Ovulation: spontaneous 

• Uterus: bicornuate 

Gestation: 336 (± 20) days 

Litter: one, rarely two (Ginther 1989) 

• Implantation: superficial 

• Amniogenesis: folding 

• Yolk sac: initially large and functional to 38dpc 

• Chorioallantois: forms definitive placenta 

• Shape: diffuse, microcotyledonary, villous 

• No decidual reaction 

• Interhaemal membrane: epitheliochorial 

Accessory placental structures: trophectodermal girdle producing endometrial cups; 
areolae 

The major characteristics • are found in the Perissodactyla families. 

Equidae, horse, donkey, zebra 

Tapiridae 

Rhinocerotidae 

The unusual length of standing heat in horses (4-5 days; compare with sheep, 
1 day; pig, 1 V 2 days) and the consequent uncertainty about the time of ovulation 
makes days post coitum a far less reliable indicator of gestational age than in the 
other domestic species. Use of the more accurate days post conception is only real¬ 
istic if the preovulatory surge in luteinizing hormone is monitored in the maternal 
blood for a particular pregnancy. 

Like the pig, the definitive horse placenta is a simple apposition of unchanged 
fetal and maternal epithelia with interdigitated microvilli for haemotrophic 
exchange with a large number of areolae for histiotrophic transfer (Steven 1982). 
Unlike the pig, the horse conceptus does not elongate and implantation, defined as 
full fetomaternal microvillar interdigitation, occurs much later at about 40dpc (pig 
15dpc) (Ginther 1979). Prior to this, uniquely, the equid trophectoderm produces 
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(between 30 and 40dpc) a girdle around the conceptus of binucleate cells which 
migrate into the maternal endometrial stroma to form the gonadotropin-producing 
endometrial cups (Allen et al. 1973; Allen 1982). This pregnant mare serum gona¬ 
dotropin (PMSG) is now known as equine chorionic gonadotropin (eCG). 


5.3.1 Horse Fetal Membranes 

At 20dpc the 30-40 mm spherical conceptus has a fully formed amnion and the 
allantois is just visible as a small outgrowth of the hind gut (Fig. 5.7a). 

About one-third of the conceptus is bilaminar and most of the rest forms a rap¬ 
idly vascularizing trilaminar absorptive choriovitelline layer. By 25 dpc the allan¬ 
tois has formed a vascularized chorioallantoic cap over the embryo and its further 
expansion reduces the relative extent of the still absorptive choriovitelline layers. 
From 25 dpc a band of trophectodermal cells proliferates at the boundary between 
the chorioallantois and the trilaminar yolk sac to form the chorionic girdle (Figs. 
5.7-5.11). 

By 40dpc these cells have migrated into the maternal endometrium to form a 
ring of endometrial cups (Figs. 5.7a, b and 5.9) and the yolk sac is considerably 
reduced. Subsequent growth of the conceptus is based entirely on the chorioallan¬ 
tois. Unlike the pig there is no amniochorion formation since the embryo is isolated 
from the chorion by growth of the allantois (Fig. 1.1). The umbilical cord is unusu¬ 
ally long, having amniotic and allantoic portions linking the fetus to the membranes 
(Whitwell and Jeffcott 1975; Ginther 1979). 


5.3.2 Development of the Horse Placenta 

5.3.2.1 Initial Conceptus and Uterine Interaction 

The conceptus moves freely between the two horns of the uterus between 9 and 
16 dpc as it expands from 12 mm to a 28-mm sphere. The mobility has been dem¬ 
onstrated by ultrasonography and is presumably caused by contractions of the uter¬ 
ine musculature. Maternal recognition of pregnancy is suggested to require 
conceptus estrogen secretion between 14 andl6dpc which blocks the endometrial 
production of prostaglandins, the normal cyclic luteolytic signal. The details of this 
vital process are still unresolved (Allen and Stewart 2001). At 17 dpc the expanding 
conceptus reaches a critical diameter and fixes in the caudal portion of the horn 
which offers most luminal resistance (Ginther 1983, 1984a,b; twin conceptuses, 
Ginther 1989). It can subsequently be detected by rectal palpation as a uterine 
swelling. Recent evidence suggests that there is little or no subsequent migration 
because of closure of the uterus around the conceptus with development of 
a considerable muscular tone in the myometrium. Cellular interaction is initially 
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Fig. 5.7 (a,b) Diagrams of the cellular changes in the development of the endometrial cups in 
Equidae 
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Fig. 5.8 Horse conceptus, chorionic girdle and endometrial cups. The chorionic girdle forms 
between 28 and 36 days post conception (dpc) around the conceptus in a band immediately above 
the junction of the allantois and yolk sac. The girdle remains the same size while the allantocho- 
rionic sac expands above it. Compare the diameter of the 30 dpc conceptus in (a) with the ring of 
cups (black arrows ) in (b) from which the 60 dpc conceptus has been rolled back (white arrows). 
(a) 30dpc; x0.4, (b) 60dpc; x0.5, from Ginther (1979) 


limited by an acellular capsule around the embryo which is produced by the tro- 
phectoderm after the conceptus reaches the uterus and loses the zona 
pellucida(9dpc) and this capsule persists until 21-22 dpc then ruptures and disap¬ 
pears (Betteridge 1989). Subsequently, it is probably the bilaminar portion of the 
yolk sac which adheres to the uterine epithelium. The adhesion is tenuous and if the 
uterus is cut open between 22 and 40-50 dpc the conceptus is expelled by the inter¬ 
nal pressure in the uterus (Ginther 1979). There is a copious secretion from the 
uterine glands during this time (Allen and Stewart 2001), most of which is absorbed 
initially by the trilaminar yolk sac (from 16 to 28 dpc) and later by the 
chorioallantois. 
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5.3.2.2 Chorionic Girdle and Endometrial Cup Formation 

From 27 to 35 dpc the avascular trophectoderm at the boundary between the chori¬ 
oallantois and the trilaminar yolk sac proliferates to form a ‘chorionic girdle’ many 
cells thick (Figs. 5.7, 5.9, 5.10 and 5.11) (Allen 1982; Enders and Liu 1991a,b). 

This proliferation is triggered by local production of growth factors (Stewart et 
al. 1995). Initial cell interaction (30-33 dpc) between mother and fetus is indicated 
by localized changes in lectin labelling of the uterine epithelium apposed to the 
developing girdle (Whyte and Allen 1985). By 35 dpc the apical cells of the girdle 
have become binucleate, and start to synthesise eCG (Fig. 5.12; Wooding et al. 
2001) They also express MHC-1 antigens (Donaldson et al. 1990, 1992) which 
provoke the maternal immune system to produce an antipatemal antibody in preg¬ 
nancy characteristic of, and unique to Equidae (see Chap. 9.1.5). 

The girdle cells then invade the uterine epithelium against which they are pressed 
by expansion of the conceptus against the firm uterine muscular tone (Figs. 5.7, 5.11 
and 5.12). The first girdle cells protrude pseudopodia into and are said to push 
through the body of the uterine epithelial cells, well away from their tight junction 
seal. They are then briefly delayed by the basement membrane of the uterine epithe¬ 
lium (along which they may migrate into uterine glands) and finally invade the 
endometrial stroma between the uterine glands (Allen et al. 1973; Enders and Liu 
1991b) (Figs. 5.7, 5.11 and 5.12). The uterine epithelium is subsequently phagocy- 



Fig. 5.9 Horse conceptus, chorionic girdle. A 37 dpc conceptus with a clearly visible girdle 
(i asterisks ) from which some girdle cells have been lost on removal from the uterus (arrow). E 
embryo. 37 dpc; x2, from Ginther (1979) 
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Fig. 5.10 Horse conceptus, chorionic girdle, (a) Scanning electron micrograph of a 32dpc girdle. 
Note the very sudden transition from smooth trophectoderm (asterisk) to the convolutions of the 
girdle, (b) Detail from (a) showing how the girdle cell proliferation forms microfolds and crevices, 
(a) 32dpc; x60 (b) 32dpc; xl70. Courtesy of Dr D.F. Antczak 


5.3 Horse, Equus caballus 


121 



Fig. 5.11 Horse conceptus, chorionic girdle. Cross sections through (a) 32 and (b) 36dpc girdles 
showing the considerable proliferation of the trophectodermal cells but the basement membrane 
(i arrowheads ) remains flat. Compare the thickness of the unmodified trophectoderm outside the 
girdle {arrows): (c) Electron micrograph of the apex of fetal chorionic girdle at 37 dp. Most of the 
cells are binucleate (e.g. asterisks), (a) 30dpc; x25 (b) 36dpc; x25 (c) 37dpc; xl,100 (a) and (b) 
courtesy of Prof W.R. Allen 


tosed and removed by continuing binucleate cell migration (Fig. 5.12), which allows 
the whole chorionic girdle free access to the endometrial stroma (Fig. 5.7). 

Once in the uterine stroma (36-40dpc) the binucleate cells have not been seen 
to divide but develop into aggregates of very large cells forming a ring of ‘endome¬ 
trial cups’ (Figs. 5.7 and 5.13). By 44dpc they no longer express MHC (Donaldson 
et al. 1992). 

The uterine epithelium grows in from the sides to cover the cup area. The cup 
cells secrete eCG which appears in the maternal (but never the fetal) circulation 
via the capillaries and lymphatic vessels in and around the cup. The mature cup 
cell has a cytoplasm full of mitochondria, rough endoplasmic reticulum cisternae 
and a large Golgi apparatus (Hamilton et al. 1973) (Figs. 5.14 and 5.15; Wooding 
et al. 2001). 
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Fig. 5.12 Horse chorionic girdle, (a) The fetal chorionic girdle has invaded and eliminated the 
uterine epithelium but further migration into the maternal endometrial stroma (S) is delayed by the 
residual basement membrane (arrowheads) of the epithelium. Most girdle cells are binucleate (aster¬ 
isks) 37dpc, x 1,700. (b) Binucleate girdle cells in the position shown in (a) often contain groups of 
small granules. This section has been processed with immunocytochemical methods to demonstrate 
that the granules contain equine chorionic gonadotrophin indicated by the gold colloid marker par¬ 
ticles ( arrowheads ). 37 dpc; x30,000 


Ultrastructural immunogold studies have shown that eCG is localized in the 
Golgi cisternae and in small dense granules similar to those found in the migrating 
girdle cell and present both in the Golgi region and at the peripheral plasmalemma 
(Wooding et al. 2001; Figs. 5.12 and 5.15). 

Release of eCG would therefore seem to be by the usual exocytotic mechanism 
as found for other protein hormones. The amount of eCG produced depends on the 
size of the cup, which is determined by the number of fetal binucleate cell migrants. 
This last seems to depend upon the genotype of the conceptus. For example horse 
$x horse and horse $x donkey crosses produce large cups, while donkey 9* don¬ 
key or donkey 9x horse produce small cups (Allen 1982). 
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Fig. 5.13 Horse endometrial cup structure, (a) Section through a newly formed cup at 40 days 
post conception with cup cells closely packed around the uterine glands (G). The uterine epithe¬ 
lium ( arrowheads ) reforms rapidly after migration of the girdle cells is completed at 38^tOdpc 
There is an accumulation of lymphocytes around the base of the cup ( asterisks ). (b) Note the large 
size of the cup cells compared with the gland cells (G) and the small size of the invading lym¬ 
phocytes (arrows), (c) Mature cup (60dpc) with accumulated secretion (um) localised between the 
allantochorion (arrowheads) and the cup. Considerable numbers of lymphocytes have accumu¬ 
lated in a continuous zone (asterisks) around the cup. (a) 40dpc; x70. (b) 40dpc; x2,000. (c) 
60dpc; x30. (a,b,c) from Ginther (1979) 
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Fig. 5.14 Horse endometrial cup cells (a) in vivo and (b) in vitro, (a) An electron micrograph of 
a characteristic binucleate cell from a 50dpc cup fixed by perfusion in situ. The material was 
processed without osmium and stained with phosphotungstic acid (Wooding 1980). This empha¬ 
sizes the two nuclei and extensive golgi cistemae (arrowheads) and small granules ( arrows ) in a 
typical endometrial cup cell. 50dpc; x3,200. (b) Light micrograph of cells isolated from a 35dpc 
girdle and grown in tissue culture for 50 days, they are very large, characteristically binucleate and 
produce considerable amounts of eCG. The cytoplasm accumulates numerous lipid droplets giv¬ 
ing a stippled appearance x!300. Courtesy Dr R. Moor 


Cells scraped from the girdle between 36 and 37 dpc will grow in tissue culture to 
form large, usually binucleate, cells which produce considerable amounts of eCG for 
up to 200 days (Allen and Moor 1972; Fig. 5.14b). On the analogy of the ruminant 
binucleate cell it seems unlikely that binucleate girdle cells can divide, so any increase 
in cell numbers in culture would have to be based on division of uninucleate cells 
scraped from the girdle. In vivo, maternal lymphocytes and macrophages start to 
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Fig. 5.15 Horse endometrial cup cells, (a) Electron micrograph of cells processed without osmium 
and stained with phosphotungstic acid followed by lead citrate which enhances the massive arrays 
( asterisks ) of rough endoplasmic reticulum cistemae filling most of the cytoplasm of the cup cells. 
50dpc; x3,200; (b) The small granules produced by the golgi apparatus of the cup cells (see Fig. 
33a) contain eCG as indicated by the immunogold colloid marker particles (arrowheads). They are 
usually located peripherally but never seem to accumulate in any number. 50dpc, x44,000 


accumulate at the edge of a cup as soon as it establishes itself (Fig. 5.13a, b) but coc¬ 
ulture studies show that the invasive MHC positive girdle cells produce factors which 
inhibit the lymphocyte activation and proliferation (Flaminio and Antczak 2005). 

Maximum secretion of eCG from the cup occurs between 50 and 80dpc, stimu¬ 
lating the ovaries to produce the secondary corpora lutea, necessary to maintain 
progesterone levels. As the eCG (and presumably the lymphocyte inhibitory fac¬ 
tors) decline the lymphocytes start to invade and kill the cup cells. The uterine 
glands in the cup also produce a considerable amount of secretion at this time 
(Fig. 5.13c), presumably stimulated by the cup cells. This glandular secretion con¬ 
tains very large amounts of eCG secreted by the cup cells only, but surprisingly this 
does not reach the fetal circulation. 

The variation of cup size with genotype, the lymphocyte accumulation and the 
ability of the cup cells to secrete eCG in tissue culture (Fig. 5.14) for up to 200 days 
suggests that the cytolysis and regression of the cup cells is caused by an immuno¬ 
logical reaction rather than a programmed cell death (Allen 1982). Subsequently, 
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the whole mass of degenerating cup tissue is everted from the endometrium, encap¬ 
sulated by the overlying allantochorion, and remains as a necrotic residue in the 
allantoic cavity (Whitwell and Jeffcott 1975). The uterine epithelium grows over 
the scar from the edges (Ginther 1979). 

Interspecies embryo transfer experiments (e.g. zebra conceptus into horse. Summers 
et al. 1987) have shown that as long as there is some cup development, however small, 
normal gestation results and the usual antipatemal antibody is elicited in the maternal 
blood. However, a donkey conceptus transferred to a horse produces neither a cup reac¬ 
tion nor antipatemal antibody and abortion usually follows between 80 and lOOdpc in the 
presence of a massive lymphocyte infiltration throughout the entire endometrium, osten¬ 
sibly similar to the infiltration round a normal size (horse in horse) cup. In some cases 
this abortion can be blocked by infusing pregnant mare’s serum (but not eCG alone) or 
paternal lymphocytes into the mare between 20 and 80dpc (Allen et al. 1987). 

Once a horse has carried one donkey pregnancy successfully (and this is as yet entirely 
unpredictable) with or without treatment, then most subsequent donkey conceptuses are 
carried to term without further therapy - the system displays immunological memory. 

The girdle and the early cup cells are the only allantochorionic cells to express 
MHC antigens (Crump et al. 1987; Donaldson et al. 1990, 1992) and this stimulates 
the maternal immune system to produce the antipatemal antibodies. How this anti¬ 
body and the establishment of the cup ensures that the uterine environment is 
immunologically tolerised to accept placental growth is as yet not understood. 


5.3.2.3 Chorioallantoic Placenta Formation 

At 35-38 dpc the allantois has vascularized more than 90% of the total trophecto- 
derm, and this is the earliest stage at which microvillar interdigitation between 
uterine epithelium and trophectoderm has been reported (Steven 1982). The fetal tro- 
phectoderm and apposed maternal uterine epithelial maternal cell sheets then pro¬ 
duce villi by a process of complementary growth controlled by steroid hormones 
and the growth factors EGF and IGF II (Allen and Stewart 2001) Fetal villi are 
formed over the entire surface of the conceptus except over the openings of the 
numerous endometrial glands. Here the trophectoderm develops a dome of highly 
absorptive columnar cells over the gland mouth and its secretion, forming areolae 
exactly as in the pig, if a little smaller in size (Fig. 5.16). 

By 60 dpc the fetal villi are longer and have started to group together between 
the areolae. Further extension of the villi with secondary branching plus the devel¬ 
opment of a bounding maternal connective tissue capsule produces the characteris¬ 
tic microcotyledon between the glands, each 1-2mm in diameter at term (Samuel 
et al. 1974; MacDonald et al. 2000) (Figs. 5.16 and 5.17). 

After girdle cell migration has finished (about 40 dpc) there is no published 
evidence for any specialized cells nor any syncytium in either the trophectoderm or 
the uterine epithelium. Like the pig, the trophectoderm is uniformly uninucleate 
and its microvilli are closely interdigitated with the uniformly uninucleate uterine 
epithelium. This fetomaternal junctional area increases (as does fetal weight) 
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Fig. 5.16 Epitheliochorial placentas. The horse (a) with its microcotyledons ( asterisks ) between 
areolae ( arrows ) between has a very similar placental architecture to the American Mole, Scalopus 
(b). In (b) the areolae are again indicated by arrows, the microcotyledons by asterisks. In the 
endometrium (ME) of both there are many glands (G) which empty into the areolae. FC fetal 
connective tissue, (a) Midpregnant, from Bjorkman (1970) (b) Late gestation; x37, from Prasad 
et al. (1979) 


throughout pregnancy by mutual growth of the fetal and maternal epithelia (Baur 
1977), and both are increasingly indented by their initially subepithelial capillaries 
(Samuel et al. 1976). Indentation is most marked in the fetal trophectoderm but is 
not so extreme as observed for the pig. 
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Fig. 5.17 Horse epitheliochorial placenta, (a-d) Vascular injections illustrate the tuft of fetal 
vessels forming a microcotyledon (large asterisk), and partly filled villus tips show that there is a 
central arteriolar supply (small asterisks), (d) Shows the capillary network forming the maternal 
cotyledonary blood supply with a large draining venule (arrow), (a) 210 dpc; x40. (b) 195 dpc; 
x400. (c) 195dpc; x400. (d)150dpc; x70. All from Tsutsumi (1962) 


Restriction of the area of fetomaternal proliferation, by twin pregnancy, prior 
damage to the uterine structure (endometriosis) or embryo transfer from a larger to 
a smaller species reduce growth of the fetus and produce small foals with poor 
growth prospects (Allen and Stewart 2001). The fetomaternal area at term per gram 
of neonate peaks at the second gestation but other factors ensure that later normal 
pregnancies produce equivalent foal weights (Wilsher and Allen 2003). 

There are no extravasations of maternal blood at the microvillar junction (as 
found in ruminants and carnivores). Iron transport is based on a similar carrier sys¬ 
tem to the pig protein uteroferrin in the glandular secretions (Fig. 2.8). 
The 9 kDCBP protein marker of calcium transport is also localised only to the gland 
and areolar epithelium as in the ruminants (Fig. 2.8). Glucose transporters 1 and 3 
are used in sequence for maternofetal transfer and are found only in the microcoty¬ 
ledonary epithelia (for details see Fig. 2.6, Chap. 2.2.1 and Wooding et al. 2000). 
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The trophectodermal cell fine structure changes during pregnancy. At 200 dpc 
there is a considerable amount of smooth endoplasmic reticulum and this persists 
to term. Rough endoplasmic reticulum is found from 180 dpc to term, when the 
number of dense bodies (probably lysosomal) has also increased considerably 
(Samuel et al. 1976). 

The endocrine profile of the horse during pregnancy is complex (Allen 1975, 
1982) (see Fig. 5.18). 

A peak level of 10 ng ml -1 serum progesterone is initially produced at 8 dpc by 
the primary corpus luteum, but this secretion gradually decreases. The eCG produced 
by the endometrial cup cells starting at 38 dpc then stimulates ovulation and the 
production of the secondary corpora lutea, which increase the progesterone levels 
considerably (up to 14 ng ml -1 ). As the cups and secondary corpora lutea regress 
(100-150dpc) the placenta takes over production of a much reduced level of pro¬ 
gesterone (3-4 ng ml -1 ), presumably related to the considerable amount of smooth 
endoplasmic reticulum in the trophectoderm of the microcotyledons. Oestrogens 



Secondary CL 

Duration Microcotyledon formation, growth in area _ 

Trophectodermal smoot h endoplasmic reticulum 

Rough endoplasmic reticulum 


Fig. 5.18 Comparison of the endocrine changes in the serum and the development of endometrial 
cups and fetal gonads during pregnancy in the horse. Note that the lifespan of the corpora lutea 
correlates with high progesterone levels; the levels necessary to support pregnancy in second half 
of gestation are much lower and are supplied by placental synthesis (Data from Ginther 1979; 
Samuel et al. 1974, 1976.) 
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are also produced, mainly oestrone and the unique equid (3-ring unsaturated oestro- 
gens equilin and equilenin (Allen and Stewart 2001). Precursors for the oestrogens 
are produced by the hypertrophied interstitial cells in the fetal gonads (Fig. 5.18). 

The pattern of blood vessels is very different in the horse fetal villus when com¬ 
pared with that in the pig. There is a central arteriole which passes directly to the 
villus tip before dividing into a peripheral capillary network draining back down the 
villus to its base (Figs. 2.4 and 5.17). The maternal arteries run first to the tips of 
the maternal villi or septa which are inserted between the bases of the fetal villi. 
The blood then drains down through a network of peripheral capillaries to the 
collecting veins at the base of the maternal villus (septum) (Tsutsumi 1962; Steven 
1982; Abd-Elnaeim et al. 2006) (Figs. 2.4 and 5.17). 

This arrangement should allow classical countercurrent flow between fetal and 
maternal capillaries assuming they run alongside one another for a sufficient dis¬ 
tance. At parturition the interdigitated microvilli of the fetal and maternal cells 
separate by a process probably requiring changes in adhesion at the molecular level. 
The short fetal villi and maternal septa (villi) then disengage, probably as a result 
of decrease in blood pressure and/or volume. There is rarely any problem with sep¬ 
aration and expulsion of the membranes at partus (Steven et al. 1979). Details of 
the changes in progestagens (Ousey et al. 2003) and increases in prostaglandin and 
oxytocin at this time are given in Haluska and Currie (1988). 


5.3.3 Other Epitheliochorial Types 

Scalopus aquaticus, the American mole, is an insectivore with a bicornuate uterus, 
producing an average litter of four after 35 days of gestation. Implantation is super¬ 
ficial with no apparent decidual formation, the amnion forms by folding and there 
is a functional yolk sac until term. The definitive chorioallantoic placenta covers the 
antimesometrial half of the uterus, is villous and epitheliochorial with numerous 
areolae (Prasad et al. 1979). Scalopus is the only insectivore known with an epithe¬ 
liochorial placenta, most are haemochorial with a few endotheliochorial examples 
(Mossman 1987). However, they all have a similar yolk sac development, with a 
mesometrial bilaminar yolk sac which persists to term and a functional trilaminar 
choriovitelline placenta on the lateral and antimesometrial, glandular uterine walls. 
The vitelline capillaries are displaced by development of the allantoic circulation to 
produce the simple villi. In Scalopus the chorioallantoic villi are collected into 
groups similar to the microcotyledons of the equid type but they lack the connective 
tissue capsule (Fig. 5.16b). The uterine epithelium is extremely thin (< I pm) in 
places and required EM studies were required to prove that it persists (Prasad et al. 
1979). Areolae develop over the mouths of the uterine glands separating the villus 
groups. At parturition, separation occurs at the fetomaternal microvillar junction. 

Scalopus with its epitheliochorial placenta has obvious skeletal and developmen¬ 
tal affinities with insectivores such as Talpa, the European mole (discoid endothelio¬ 
chorial placenta, Malassine and Leiser 1984), and with the shrews and the European 
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hedgehog (haemochorial placentas). This emphasises the point that animals of very 
similar phyletic origins, size, habitat and reproductive behaviour can have widely 
differing definitive placental structures. On current evolutionary considerations (see 
Chap. 9), the epitheliochorial Scalopus shows an unusual, derived state for an 
Insectivore. Carter (2005) has raised some doubts about the interpretation of the 
results in the Prasad et al. (1979) paper and further study with unequivocal immuno- 
cytochemical identification of the layers is needed to settle the point. 

Another very different order, Pholidota (scaly anteater or pangolin) has a similar 
epitheliochorial placenta to Equidae with grouped short villi between frequent are¬ 
olae (Mossman 1987). 

Cetacea, the whales, porpoises and dolphins, have diffuse epitheliochorial pla¬ 
centas like that of the pig with short villi or folds and numerous areolae opposite 
the mouths of uterine glands. None of these have yet been investigated in detail 
with the EM (Mossman 1987). 

The strepsirhine primates, lemurs, lorises and bushbabies {Galago), all have dif¬ 
fuse epitheliochorial placentation based on narrow slender or short fat individual 
villi with large bulbous areolae between (Fig. 5.2a, b; compare with Fig. 5.2c, pig). 
At implantation Galago senegalensis is reported to produce a specialized area of 
giant trophoblast cells, which remove the uterine epithelium and act as an anchor¬ 
age point for the conceptus (Butler 1967). This is reminiscent of the trophectoder- 
mal protrusions into the uterine epithelium produced by some of the marsupials 
(Enders and Enders 1969). In both cases these giant cells are transient and do not 
contribute to the definitive placental development. Whether the implantation is 
produced by delamination intrusion or fusion is not yet clear. In the definitive pla¬ 
centa of the lemur Microcebus a discoid structure with no uterine epithelium 
(Grosser’s syndesmochorial) has been claimed (Reng 1977), but insufficient detail 
can be seen to verify this; and a giant, possibly double, cell layer has been sug¬ 
gested for Galago demidovii (Mossman 1987). Both these structures would be very 
atypical and it needs EM resolution to unravel the details. More recent ultrastruc- 
tural studies of the definitive placenta of Galago emphasized the simplicity of the 
basic epitheliochorial villus pattern (King 1984; Njogu et al. 2006). 

The Camelidae have large branched folds and villi forming diffuse epitheliocho¬ 
rial placentas (Morton 1961). Recent work has shown that among the uninucleate 
trophectodermal cells there are occasional characteristic giant cells, several times 
the size of their neighbours. These giants have large polyploid nuclei of bizarre 
shape (Klisch et al. 2005) and are steroid synthesising cells present from about 
35 dpc to term with cytoplasmic structure quite different from that of their neigh¬ 
bours. Between implantation and 35 dpc steroids are produced by all cells of the 
uniformly unincleate trophectoderm, but this function is confined to the giant cells 
once they differentiate (Skidmore et al. 1996; Wooding et al. 2003). 


Chapter 6 

Synepitheliochorial Placentation: 
Ruminants (Ewe and Cow) 


6.1 Introduction 

In Grosser’s syndesmochorial category (exclusively ruminants) the uterine epithe¬ 
lium was said to be lost so the trophectoderm was apposed to the maternal connec¬ 
tive tissue directly. It has now been shown by a variety of techniques that throughout 
pregnancy characteristic ruminant fetal trophectodermal binucleate cells (BNCs) 
modify the uterine epithelium by apical fusion to form fetomaternal hybrid syncy¬ 
tial plaques at the junction of the fetal and maternal tissue (Wooding 1982a,b, 1984) 
(Figs. 6.1 and 6.2) . This fusion delivers fetal hormones and effectors to the mater¬ 
nal circulation. 

This is so different from the epitheliochorial category that it amply justifies a 
separate grouping. 

‘Syndesmochorial’ is of obscure derivation and synepitheliochorial is now 
accepted as a much more descriptive and easily understood category (Sect. 1.4.4). 
All ruminant cotyledons so far investigated have 15-20% BNCs in the trophecto¬ 
derm which produce the fetomaternal hybrid syncytium with uterine epithelial cells 
but the degree to which the maternal epithelium is permanently altered does vary 
between Families. The ‘syn-’ indicates the contribution of the BNC-derived syncy¬ 
tium and the retention of ‘epitheliochorial’ emphasizes that large areas of simple 
cellular fetomaternal apposition persist in the definitive placenta (Wooding 1992). 

The synepitheliochorial placenta has three identifying characteristics: the BNC 
in the fetal trophectoderm (Chap. 1.6.5) which form a structurally separate popula¬ 
tion among the uninucleate trophectodermal cells from which they are derived; the 
fetomaternal syncytium formed by BNC fetal migration and fusion with some or all 
of the maternal uterine epithelial cells; and the placentomal [or cotyledonary] chori¬ 
oallantoic placental organization, with the restriction of fetal and maternal villus 
elaboration to discrete regions (placentomes) based on pre-existing non-glandular 
caruncular areas on the uterine epithelium (Amoroso 1952) which are well devel¬ 
oped in the fetal uterus by mid-pregnancy (lamb, Wiley et al. 1987). A ‘placen- 
tome’ is formed by enmeshed fetal villi and maternal crypts; the tuft of fetal villi is 
correctly referred to as a ‘cotyledon’ and the corresponding maternal structure is a 
‘caruncle’ (Fig. 6.3). 


P. Wooding, G. Burton, Comparative Placentation, 
© Springer-Verlag Berlin Heidelberg 2008 
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1. Immobilization by papillae, and elongation 



2. Cellular apposition and subsequent interdigitation of microvilli, 
binucleate cell initiation (1-4) 



Cow 20-22dpc 


3. Binucleate cell differentiation and migration 



The uterine epithelium is greatly modified by migration and 
fusion (1-4) of the apices of the fetal binucleate cells with 
some uterine epithelial cells and the death of others (He). 


Fig. 6.1 The cellular changes at implantation in the ruminants 
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Sheep, Goat 

Huge growth in area of trophectoderm by cell division and 
fetomaternal syncytium by BNC migration (1 -2)apical fusion(3) 
and injection(3-4)of cell content 



Cow, Deer 

Huge growth in area of trophectoderm and uterine epithelium 
by cell division. BNC migration (1-2)fusion and injection(3) produces 
trinucleate cells which after exocytosis are resorbed by the 
trophectoderm (4-5) 


Fig. 6.2 The binucleate cell contribution to the definitive ruminant placenta 
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However, cotyledon is also frequently used for the whole structure, so that a 
‘maternal cotyledon’ would correspond to a caruncle. Ruminant placentas may be 
oligocotyledonary with 3-8 large placentomes, as in deer, or polycotyledonary with 
numerous (20-150) but smaller placentomes as in cows, goats and sheep (Fig. 2.4). 
Since there are a finite number of caruncles per uterus, although a singleton con- 
ceptus may not utilize all the sites it may have more placentomes than twins, which 
can only have about half the total number each. However, the twins will have larger 
individual placentomes and their combined mass will be greater than that of the 
singleton. There is a close correlation between conceptus placentomal mass and 
birthweight of the fetus (Bell 1984, 1991; Bell et al. 1999), and recent studies 
indicate a pivotal role for IGF-1 and -2 in placental growth (Bassett 1991; Geisert 
et al. 1991; Owens 1991). Placentomes also differ in gross structure, being concave 
to the fetal side in sheep and goats, but convex in the cow and flat in antelopes 
(Amoroso 1952). If the sheep (normally concave) has some of its caruncles 
removed surgically from the non-pregnant uterus then the usually adequate result¬ 
ing placenta has fewer, larger, but now convex, placentomes (Harding et al. 1985). 
During the first two thirds of a normal pregnancy in the ewe all placentomes are 
concave but later in pregnancy a variable, usually small, proportion become convex 
with intermediate types. Recent work indicates that maternal stress (carunclectomy, 
nutrient imbalance, cortisol injection, high temperature) can influence the change 
(Ward et al. 2006), and the convex type is said to be more efficient since it has 
greater maternal and fetal vascular development per gram (Reynolds et al. 2005). 

A logical sequence of mature villus evolution can be assembled starting with a 
completely diffuse epitheliochorial placenta with short stumpy individual villi as in 
the pig. The microcotyledonary epitheliochorial placenta of the horse is slightly 
more complex and has small tufts of longer more slender villi but the pregnancy 
depends on a transient population of hormone producing trophectodermal BNCs 
invading the maternal endometrial stroma to establish a progesterone secreting 
immunotolerant environment. 

The most primitive ruminant, Tragulus has much longer, uniformly distributed 
villi and the BNC are less invasive than in the horse girdle but are present through¬ 
out pregnancy. Like the equid BNC they deliver fetal hormones and effectors to the 
maternal circulation, but this is accomplished by fetomaternal hybrid tissue forma¬ 
tion at the maternofetal interface. Aggregation of these villi into discrete placen¬ 
tomes produces the typical ruminant placenta. Hradecky et al. (1988) could find no 
consistent correlation between the number or size of placentomes with the length 
or degree of branching of the villi in a wide variety of ruminant placentas. 

-«- 

Fig. 6.3 Synepitheliochorial placentation. (a) Cow fetus within intact extraembryonic membrane 
sac(s). Unusually this conceptus was contained within one horn only of the uterus (b), which has 
been opened out flat. Note the increase in size of the caruncles in the pregnant horn which in vivo 
were enmeshed with the fetal cotyledons, (a and b) 90dpc, x0.25. (c) A similar cow conceptus to 
that in (a) but the chorion has been dissected away over the central region to reveal the amnion 
and the allantois. The villi on the fetal cotyledons on the non-dissected part are well demonstrated; 
they are clumped into apparently solid masses in (a). lOOdpc, x0.66 
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The advantage of concentrating the villi into placentomes is not obvious but the 
change is accompanied by a considerable increase in the fetomaternal exchange 
area per gram of delivered fetus. Such “compact” placentas have 5-10 times as 
much fetomaternal exchange area per gram of fetus as “diffuse” placentas (Fig. 2.9; 
Baur 1977). It is, however, unclear why the ruminant should need so much more 
exchange area than the horse or if there are any advantages in a few large rather 
than many small placentomes. 

The fetal trophectoderm has microvilli closely interdigitated with those of the 
uterine epithelium or derived syncytium, forming the characteristic microvillar 
junction. In the placentome local separation at this junction plus a local intermittent 
vascular leak forms haemophagous zones for transport of iron to the fetus. These 
are large and localised in sheep but small and scattered in the cow and in them 
stagnant maternal blood is apposed to tall columnar trophectoderm which actively 
phagocytoses the red blood cells (Burton 1982). 

There are two major types of synepitheliochorial placenta: the sheep and goat type, 
with more than 90% of the original caruncular uterine epithelium modified to feto- 
matemal syncytial plaques; and the cow and deer type, with a similar proportion of 
(reformed) cellular uterine epithelium but with continuous formation of transient tri- 
nucleate minisyncytia (Fig. 6.2). In the interplacentomal areas, which have ~5% 
BNC, both types have a cellular uterine epithelium containing characteristic intraepi¬ 
thelial lymphocytes after the first third of pregnancy, (Lee et al. 1992) but with only 
occasional minisyncytia produced by BNC migration and fusion (King and Atkinson 
1987). There are small areolae over the mouths of the glands. The percentage of feto- 
matemal exchange surface contributed by the interplacentomal area decreases rapidly 
until at term it is less than 2% of the total in the cow (Baur 1972). 

Development of the sheep and cow placenta will be described as the basic rumi¬ 
nant types. 


6.2 Sheep, Ovis dries; Cow, Bos taurus 

Oestrous cycle: 16 days, sheep; 21 days, cow 

Ovulation: spontaneous 

Litter: 1-4 

Gestation: about 150 days, sheep, goat; about 280 days, cow, depending on breed 

Implantation: superficial; chorionic papillae into glands to immobilize conceptus in 
sheep and cattle 

Amniogenesis: folding 

Yolk sac: vascularized by 16dpc (sheep), 20dpc (cow) reduced to insignificance by 
30 dpc by growth of the allantoic sac 

Chorioallantois: Forms definitive placenta, allantoic sac never surrounds the 
amnion as in the horse but the allantoic mesodermal vessels vascularize the 
entire chorion (Fig. 6.3) 

Shape:Placentomal with complex villous structure. The placentome number varies 
from 3 to 150 depending on species 


6.2 Sheep, Ovis dries'. Cow, Bos taurus 
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Decidual reaction: very limited, so far described only for the ewe (Johnson et al. 
2003) 

Interhaemal membrane: synepitheliochorial; migratory trophectodermal binucleate 
cells form fetomaternal hybrid tissue from implantation to term 
Accessory placental structures: areolae in interplacentomal areas; haemophagous 
zones at bases of fetal cotyledonary villi, larger in sheep than cattle 
Most ruminant families share the characteristics above. 

Cervidae: deer, moose 
Giraffidae 

Antilocapridae: pronghorns 

Bovidae: cattle, sheep, goats, antelopes, buffalo, bison, gnu 

Tragulidae, chevrotains or mouse deer from East Africa and Malaysia. These have 
the smallest ruminant adults, about 2 kg, and from both molecular and skeletal evi¬ 
dence are considered the most primitive ruminant family. Surprisingly, they have 
recently been shown to have a non placentomal placenta with the villi diffusely 
distributed (Kimura et al. 2004). However the trophectoderm contains typical 
ruminant BNCs at the usual frequency which migrate and fuse with uterine epithe¬ 
lium to form the characteristic ruminant fetomaternal syncytium - two of the syne¬ 
pitheliochorial identifiers (Wooding et al. 2007a). 


6.2.1 Ruminant Fetal Membranes 

The ruminant morula enters the uterus about 4-5 dpc, transforms to a blastocyst, 
and loses its zona pellucida as it expands two or three times (Rowson and Moor 
1966). One genus (roe deer, Aitken 1974) arrests the development of the blastocyst 
(diapause) at this stage prior to implantation. The physiological mechanism of 
arrest and reactivation is not understood but it does not seem to be hormonal 
(Lambert et al. 2001). Excellent summaries of the details of uterine secretions, the 
maternal hormonal levels and structural changes from oocyte to blastocyst in rumi¬ 
nants can be found in Bazer and First (1983) and Spencer et al. (2007). Subsequent 
hormonal changes are detailed in Heap et al. (1983). 

In the sheep and cow the spherical conceptus comes to rest in a predictable 
region in the uterus (Lee et al. 1977), presumably as a result of myometrial contrac¬ 
tions, and immobilizes itself by extending trophectodermal papillae, cellular pro¬ 
trusions, down the glands (Fig. 6.1) (Wooding and Staples 1981; Guillomot and 
Guay 1982; Wooding et al. 1982). The conceptus then expands and elongates to fill 
the uterine lumen (Wintenberger-Torres and Flechon 1974; Wales and Cuneo 
1989). In the sheep or cow and many other ruminants, if there are two conceptuses 
each implants about one-third of the length of the uterus up from the cervix, one in 
each horn of the bicornuate uterus (Lee et al. 1977). Single conceptuses implant in 
a similar position, not always on the side they first enter the uterus, and may eventu¬ 
ally expand into both horns. The location of the implantation sites are characterized 
by local edema which can be monitored with i.v. injections of pontamine blue 
(Boshier 1970). 
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The yolk sac is fully vascularized by 16dpc in the sheep but has only a transient 
existence and is soon displaced by the rapidly elongating allantoic sac. This forms 
a tubular structure along the full mesometrial aspect of the conceptus by 26dpc 
having started as a tiny diverticulum from the hind gut at 16dpc (Figs. 1.1, 6.1, 6.2 
and 6.3). 

Fusion of the allantois with the chorion starts at ~30dpc in the embryonic area 
and the allantoic vascularization rapidly spreads over the entire chorion including 
the extensive amniochorion (Bryden et al. 1972). 


6.2.2 Ruminant Implantation 

As the blastocyst elongates in vivo or in vitro the trophectoderm secretes Interferon 
t(IFN x) between 12 and 16dpc. This downregulates the Oestrogen receptor in the 
uterine gland and surface epithelia and, consequently the Oxytocin receptor (OTR) also. 
Loss of the OTR blocks the OTR induced Prostaglandin pulses from the 
endometrium (Spencer et al. 2007). It is these pulses, transferred from the uterus by 
lymphatic and venous countercurrent exchange to the ovarian artery (Heap et al. 
1985) which induce luteolysis. The IFN x thus acts as the maternal recognition of 
pregnancy signal in the ruminants, maintaining the progesterone secretion. 

The progesterone secretion acts on the surface uterine epithelium to downreg- 
ulate the expression of the bulky adhesion resistant MUC-1 mucin and on the 
glands to produce proteins such as galectin, osteopontin and other integrins 
(Spencer et al. 2007) which act together with interleukins, TGFa and TNFp 
(Aminoor-Rahman et al. 2004) to promote the adhesive phase of implantation. 
The gland secretions are essential. If the development of the uterine glands is 
blocked by prior hormonal treatment of the neonate, the glandless uterus cannot 
support pregnancy (Spencer et al. 2004b). 

The changes in uterine epithelium from cellular to syncytial (Wooding 1984) 
have recently been shown to be coincident with what is considered to be a decidual 
type of reaction but only in the ewe endometrium so far (Johnson et al. 2003). 
Endometrial fibroblasts enlarge to form a compact subepithelial zone by 35 dpc and 
express proteins (smooth muscle actin, desmin and osteopontin) which are charac¬ 
teristic of rodent decidua. 

At 16 dpc the trophectoderm and the uterine epithelium are closely adherent over 
the central region of the conceptus and have developed microvillar interdigitation, 
just as in the pig. Unique to the ruminant, from ~14dpc in ewe, the trophectoderm 
produces binucleate cells (BNC). After maturation these BNC will migrate and 
fuse with the uterine epithelium (from ~16dpc ewe, 19dpc goat and 20dpc cow; 
Figs. 6.1, 6.4 and 6.5) forming maternofetal syncytia (see later for detail). 

The uterus also grows and the blood flow through the uterine vasculature 
increases considerably between 11 and 30 dpc (Reynolds and Redmer 1992). 
Although the sheep/goat and cow/deer types have significantly different definitive 
synepitheliochorial placental structure, at implantation BNC migration and fusion 



Fig. 6.4 Synepitheliochorial placentation. Fusion of two fetal binucleate cells (1 and 2), each with a 
uterine epithelial cell (3 and 4), at implantation (16dpc) in the sheep. Cells 2 and 4 were continuous on 
a different plane of section (Wooding 1984). The material is non-osmicated and stained with phospho- 
tungstic acid to emphasize the binucleate cell granules (arrows), nuclei (1,2,3,4) and microvillar junction 
(midway between T and U), the cytoplasm appears empty. However, after osmium, conventional uranyl 
acetate and lead section staining produces from the same material micrographs equivalent to those in 
Figs. 6.11 and 6.12. T fetal trophectoderm, U uterine epithelium. 16dpc, x2,500 
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produces the same conversion of the caruncular epithelium from cellular to fetoma- 
ternal syncytial plaques (Wathes and Wooding 1980; Wooding 1984; Wango et al. 
1990a,b). At the earliest stage of BNC migration in the sheep, evidence from serial 
section counting of the number of nuclei within each cellular boundary in the uter¬ 
ine epithelium indicates that possible fusions are restricted. A BNC can fuse with 
the apex of a single uterine epithelial cell to form a trinucleate cell (TNC) and fur¬ 
ther BNCs can fuse apically to extend this minisyncytium to five or seven nuclei or 
beyond. No evidence was found for any uterine epithelial minisyncytia with two or 
four nuclei (Wooding 1984; Wango et al. 1990a,b). Thus, the syncytia in the uterine 
epithelium do not result from random lateral fusion of uterine epithelial cells which 
would produce a continuous range of nuclear numbers per minisyncytium. There is 
no technical problem in recognizing cells with two nuclei since the same studies 
clearly confirmed that the trophectoderm consisted of uninucleate cells and BNCs 
(Wooding 1984; Wango et al. 1990a,b). 

By 20dpc (sheep), 22dpc (goat) and 24dpc (cow) continued BNC migration 
and fusion coupled with cell death produce syncytial plaques which cover the flat 
caruncular surface (Leiser 1975; King et al. 1979; Wathes and Wooding 1980; 
Wooding 1984; Wango et al. 1990a,b). The maximum number of nuclei per 
plaque in sheep was estimated to be 24, and the plaques are bounded by tight 
junctions significantly different from those sealing the uterine epithelial cells 
(Morgan and Wooding 1983). The occasional uterine epithelial cell persists also. 
There are more frequent uninucleate cells remaining in sheep intercaruncular 
areas but here too, at this early stage, in the sheep and cow syncytial plaques 
replace the uterine epithelium to a considerable extent (King et al. 1981; King 
and Atkinson 1987). The intercaruncular uterine epithelium is re-established after 
2-3 weeks by rapid division of residual epithelial cells, mostly from gland 
orifices. 


6.2.3 Ruminant Placental Development 

Villus development in the caruncular areas starts at 24-26 dpc (sheep, goat) and 
28-30 dpc (cow) (King et al. 1979). This is the time when the allantois is fusing 
with the chorion, and the regularity of the pattern of chorioallantoic villus initiation 


■*. - 

Fig. 6.5 Synepitheliochorial placentation. Implantation (20 dpc) in the cow. Glutaraldehyde and 
osmium fixation. Binucleate cells (1 and 2) with characteristic granules (arrowheads) are migrat¬ 
ing up to the microvillar junction (open arrows) between trophectoderm (T) and uterine epithelium 
(U). The uterine epithelium includes a trinucleate cell (3) with granules (arrowheads) and two 
round nuclei very similar to those in the binucleate cell. This trinucleate is probably a fetomatemal 
hybrid cell produced by fetal binucleate cell fusion with a uterine epithelial cell (see Wathes and 
Wooding 1980). 20dpc. x2,800 
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could well be determined by expression of genes analogous to the Gcm-1 type 
responsible for fetal villus initiation in the rodents (see Chap. 8.2.1; Anson- 
Cartwright et al. 2000). 

Clusters of BNCs in the ruminant trophectodermal epithelium are the first 
indications and this patterning could originate from the trophectoderm or the 
allantoic mesoderm. At the same time, between the fetal villus initiations, subepi- 
thelial maternal capillaries are extending in the opposite direction pushing their 
overlying maternofetal syncytium and trophectoderm back towards the chorion. 
The processes would be like gradually inflating the fingers of a rubber glove 
(fetal villi) into a swelling mound of jelly (Figs. 6.6a, b). Once the patterns 
are established, the trophectoderm and maternal and fetal vascular systems pro¬ 
duce growth (IGF, EGF) and angiogenic (VEGF, KDR) factors and the interac¬ 
tions between the two systems will drive the mutual growth of the placentomal 
villi. There is no evidence for any preformed maternal “crypts” into which fetal 
villi grow. Remodelling of the caruncle by matrix metalloproteinases (Salamonsen 
et al. 1995) facilitates the upward growth of the maternal villi and possibly a lim¬ 
ited amount of invasive growth of the fetal villi but most of the growth is above 
the original flat implantation level. 

Autoradiographic studies with [ 3 H]thymidine later in pregnancy have produced 
no evidence of tip growth of villi (Wooding et al. 1981), but in the first half of gesta¬ 
tion BNCs are undoubtedly concentrated at the tips of the fetal villi (Lee et al. 1985; 
Morgan et al. 1987). In all ruminants the main function of the BNCs is to deliver 
fetal hormones (Placental lactogens) and effectors (pregnancy associated glycopro¬ 
teins [PAGs]; Prolactin related protein [PRP]) to modify the maternal environment 
to favour the fetus both metabolically and immunologically. In the ewe and goat 
they also contribute the bulk of the syncytial plaques, essential for the growth of the 
maternal villi. These plaques are very flexible structures with an amplified micro- 
villar apical border. Basally they surround the maternal capillaries with a meshwork 
of fine elongations of their plasmalemma interspersed with basement membrane 
material. The apical and basal membrane elaborations enormously increase the 
surface area for membrane transport and are the location for the glucose transporters 
(Wooding et al. 2005a; see Fig. 2.6). The syncytium can also simplify and thin 
down locally with the apposed trophectoderm to minimise the diffusion distance 
between maternal and fetal capillaries to less than 1-2 |4m. Autoradiographic 
evidence (Wooding et al. 1993) indicates that the plaques have a finite functional 
life with nuclear compaction and aggregation (as in the syncytial “knots” in the 
human placental syncytium) as a prelude to phagocytosis by the trophectoderm and 
replacement by new BNC migration. 

In the sheep and goat, occasionally, between fetal syncytium and maternal vas¬ 
culature there are large individual cells, probably residual endometrial fibroblasts 
or pericytes. They have a very uniform structure with a cytoplasm filled with much 
glycogen, tracts of fibrils and a large deeply divided nucleus (Fig. 7.8b). They are 
equipped as if capable of considerable synthesis and secretion having numerous 
dilated cisterna of rough endoplasmic reticulum, and a sizeable Golgi body with a 
complement of small dense vesicles. They are present throughout pregnancy. In 
position and structure they closely resemble a cell type seen in the endotheliochor¬ 
ial placenta which is generally considered ‘decidual’ (Figs. 7.8a, b). 



Fig. 6.6 Fallow deer placentomal development. Photographs of separated cotyledon and caruncle 
(a. b) and of dissected fetal villi (c, d). The regular pattern of the early villus development is clear 
on (a), and the corresponding crypts in the edematous endometrium on (b). The growth of the villi 
is one of elongation and branching. Villus branching in the definitive placenta is very variable 
between ruminant species (Hradecky et al. 1988) with this deer having much less than the ewe or the 
cow. (a.b) 2 cm CRL, x23; (c) 11 cm CRL and (d) 24 cm CRL, both x6 (Harrison and Hyett 1954) 
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In the sheep when the villi reach their maximum length and the placentomes 
their maximum weight - between 70-90 dpc - there is a considerable volume of 
fetal connective tissue core (Lawn et al. 1969; Steven 1983). Subsequently, the sur¬ 
face area of the villi (the fetomaternal hemotrophic exchange surface) grows by 
ever-increasing subdivision of the initial villi until at term there is very little con¬ 
nective tissue in either fetal or maternal villi. These now consist largely of the two 
blood vessel systems (Fig. 44) (see Leiser 1987) with very little separation because 
of indentation by the fetal vessels of the trophectodermal epithelium and attenua¬ 
tion of both that and the apposing syncytial plaques. 

This is best appreciated on tissue fixed by perfusion via both maternal and fetal 
arteries (Fig. 6.7). 

Corrosion cast studies of the goat villus vasculature suggest a gross countercur¬ 
rent flow (Fig. 6.8) in the cotyledons. 

The approximate 250-pin-long capillary meshworks in the terminal villi 
(Tsutsumi 1962) may have a cross-current or a mixed cross and countercurrent 
microflow (see Figs. 2.8, 2.9 and 6.8e). 

The villus vasculature in the cow is more complex (Fig. 6.9 and 6.10) than in the 
goat but the gross and microflow systems are probably very similar. 

In the ewe and goat the increase in the area of the syncytium must be generated 
solely by BNC migration for no nuclear division has been observed in the syncytium. 
Quantitative investigations (Wooding 1983) indicate that BNC migration is maintained 
at the same high level from implantation to term in all ruminants examined so far, and 
this is corroborated by the autoradiographic evidence in sheep (Wooding et al. 1981, 
1993). These results agree well with Baur’s morphometric investigations which show 
a continuous increase in fetomaternal exchange area virtually to term in the cow and 
in each of the wide variety of other genera he examined (Baur 1977). However the ewe 
shows no placentomal weight increase from mid pregnancy. Morphometric studies 
indicate that the surface area of the microvillar junction increases up to 120-125 dpc 
and the exponential growth of the fetus is then accommodated by an increase in fetal 
capillary proliferation (Reynolds et al. 2005; Borowicz et al. 2007). 

The cow and deer synepitheliochorial placental type produces villi in a similar 
way but the syncytial plaques formed at implantation are overgrown by rapid 
division of the residual uterine epithelium (King et al. 1979). There is still a con¬ 
centration of BNCs at the forming/advancing tips of the villi (Lee et al. 1986a) but 
they form only transient trinucleate cells (TNCs or ‘minisyncytia’) with the uterine 
epithelium (Fig. 6.16) (Wooding and Wathes 1980); there is no production of the 
extensive areas of syncytial plaques seen in the sheep (Wooding 1984). Plainly the 
syncytial transformation is not essential for villus growth. Rapid cell division in the 
uterine epithelium plus the contribution from BNC migration and TNC formation 
is sufficient to keep pace with the trophectodermal expansion in the cow. This pro¬ 
duces an interhaemal membrane which is cellular on both sides as in a pig or horse 
placenta (Fig. 6.2, bottom diagram). In deer placentas there have been several 
reports of more extensive minisyncytia than trinucleate cells in the uterine epithe¬ 
lium, but only at the tips of the maternal villi (Hamilton et al. 1960; Kellas 1966; 
Sinha et al. 1969). Our observations on five deer genera (Chinese water, fallow. 
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Fig. 6.7 Synepitheliochorial sheep placenta. Vascular relationships. Electron micrographs of sec¬ 
tions of placentomes at a similar gestational age (a) perfused with fixative through both maternal 
and fetal blood vessels or (b) fixed by dicing up a fresh placentome in the same fixative used in 
(a). Only by the use of double perfusion can an accurate idea be obtained of the relative sizes and 
dispositions of the blood vessels in vivo. The result emphasizes the concept that the placenta 
should he considered primarily as a close apposition of blood circulations, not a mass of tissue 
through which blood circulates. Phosphotungstic acid staining on non-osmicated araldite embed¬ 
ded tissue. Arrows, microvillar junction (which is not the fetomaternal junction, the arrowheads 
are all on top of the fetomaternal hybrid syncytial layer); f, fetal capillaries; m, maternal capillar¬ 
ies. (a) 130dpc, xl,300. (b) 128dpc, xl,300 
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muntjac, red and roe) indicate that TNC formation is the usual outcome of BNC 
migration (Wooding et al. 1997).The limited life span of the syncytial plaque and 
TNC, with the latter clearly ending in “classical” apoptopic blebbing in the deer, 
have interesting parallels with the cycle of renewal suggested for the human syncy- 
tiotrophoblast. The same apoptopic cascade genes are expressed in cow BNC 
development (Ushizawa et al. 2006) as are implicated in the human syncytium 
(Huppertz et al. 2006). 

Parturition in the sheep is heralded by a fall in progesterone levels. This is 
induced by cortisol production and secretion by the fetal adrenal. This and other 
hormonal changes (Bazer and First 1983; Thorburn 1991) possibly including 
relaxin are probably instrumental in causing a rapid but specific degeneration of the 
uninucleate trophectodermal layer (which the BNCs survive) (Perry et al. 1975; 
Steven 1975b). There is also an increase in the strength and synchrony of the myo- 
metrial cell contractions due to their considerable hormone-dependent develop¬ 
ment of gap junctions at this time (Garfield et al. 1979, 1988; Cole and Garfield 
1989) and the cervix softens as a result of increased prostaglandin synthesis 
(Ledger et al. 1983; Magness et al. 1990). Together with the sudden drop at birth 
in the fetal placental blood pressure these processes are probably sufficient to pro¬ 
duce an efficient means of placental separation within 1-4 h in the sheep and goat. 
The role in partus of the increase in number of the intraepithelial large granular 
lymphocytes in the interplacentomal uterine epithelium and their degranulation at term 
(Aminoor-Rahman et al. 2002) is at present unclear. The fetomaternal syncytium 
remains in situ on the maternal villi. As soon as the placenta separates there is a 
massive infiltration of the maternal caruncular residues by polymorphs and macro¬ 
phages, which produce a rapid degeneration of the tissue, and the whole mass is 
sloughed at a level just above the myometrium (Van Wyk et al. 1972). The uterine 
epithelium is regenerated by cellular overgrowth from the glands at the edges of the 
caruncular areas (Wagner and Hansel 1969). 

In the cow the progesterone level falls and cortisol rises in a similar manner at 
parturition and relaxin may also be involved (Musah et al. 1987) as well as oxytocin 
(Fuchs et al. 1992), but there is no degeneration of the trophectodermal layer as in 
the sheep. Release of the placenta depends upon changes in the molecular forces 
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Fig. 6.8 Goat placentomal vasculature at 120dpc. Histological section (a) and corrosion casts of 
maternal vasculature, (b), and fetal vasculature, (c). All x40 The fetal stem arteries (arrowheads 
in a and c) pass direct to the maternal side before dividing into capillaries to flow back. Upper 
asterisks on (a) and (c) indicate equivalent positions in a fetal villus. Lower asterisks on (a) and 
(b) show maternal villus positions, (d) Detail of the terminal villus capillary meshworks (white 
arrowheads). One terminal meshwork may drain into the next one in line down the intermediate 
villus (double asterisk on (e)), or each terminal villus may be independently supplied (single 
asterisk on (e)). 133dpc, xl70. (e) Schematic reconstruction of the vascular system in an inter¬ 
mediate villus. The gross flow is countercurrent - MSA versus FSA - but the microflows (small 
arrows ) are both cross- and counter-current - network flow, see Fig. 2.3. The main cascade down 
the maternal capillary meshworks shown on the right may be short circuited by capillaries follow¬ 
ing the aaaa or vvv pathways. Modified from Leiser (1987) 
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maintaining the microvillar interdigitation, as in the pig or horse placenta. However, 
the villi are very much longer and more branched than those of the ewe, pig or horse 
and this may be the cause of the significant percentage of cow placentas that do not 
separate easily (Grunert 1986). BNCs may also have a role at partus (Gross et al. 
1991). A ‘retained placenta’ is one which has not been delivered 12h after birth. 
Recent work indicates there may be an immunological component of placental 
release in the cow. Increasing expression of MHC1 restricted to the trophoblast of 
the intercotyledonary areas is reported in late pregnancy and the greater the immu¬ 
nological disparity between mother and father the less frequent the incidence of 
retained placenta (Davies et al. 2004). 

Methods for isolating pure populations of BNCs have been reported in several 
laboratories. BNCs in short-term primary culture have been reported to produce 
prostaglandins, progesterone (Hamon et al. 1985; Reimers et al. 1985; Ullman and 
Reimers 1989; Wango et al. 1991) placental lactogens (Rhodes et al. 1986; Morgan 
et al. 1990) and Pregnancy associated glycoproteins (PAGs Nakano et al. 2001). 
However, all isolated BNC populations contain the complete developmental 
sequence of BNCs, in our experience usually biased towards the young BNCs with 
few or no granules. This is quite unlike other isolated exocrine cells such as mam- 
motrophs or somatotrophs from the pituitary, which consist almost entirely of 
mature fully granulated cells. The activities of the isolated BNC population could 
therefore be characteristic of only one developmental stage, and it is difficult to 
assess their physiological significance without figures for synthesis of these hor¬ 
mones by the other cell types in the placenta (Shemesh 1990; Ben David and 
Shemesh 1990) which are not yet available. BNCs can be isolated because only 
they are robust enough to survive the procedure; other, gentler methods will be 
necessary to separate viable populations of the more fragile uninucleate trophecto- 
dermal cells or the syncytial plaques. 

BNCs will survive in viable condition in primary culture for up to 10 days if 
grown on collagen (Nakano et al. 2001) before rapid deterioration and cell lysis. 
Most studies of isolated BNC have demonstrated release, not synthesis, of proges¬ 
terone, prostaglandins or placental lactogen, usually at a declining rate (Reimers 
et al. 1985; Rhodes et al. 1986; Ullman and Reimers 1989). Progressive death of 
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Fig. 6.9 Corrosion casts of the vascular systems in cow placentomes. Stem arteries are indicated 
by arrows, stem veins by arrowheads, (a) Early gestation corrosion cast of the maternal vascula¬ 
ture showing long supply and collection vessels linked by a capillary network at the apex. 80dpc, 
x50 (b). Longitudinal section through a mid gestation placentome with fetal vessel ink injection 
showing comprehensive detail of the fetal capillary meshworks in the terminal villi. 150 dpc, x80. 
(c) Cross section of an ink injected villus, showing the three stem vessels in the centre. 105 dpc, 
x70. (d) Detail from (b) with a stem artery (arrow) and vein ( arrowhead) indicated. 150 dpc, x200 
(e) Corrosion cast of a mid gestation primary fetal villus showing the three dimensional organisa¬ 
tion of the capillaries in the terminal villus. Part of the centre of the villus exposed, showing the 
central stem artery (arrow). 220dpc, xlOO (f) Light Microscopy of a section corresponding to (d) 
with conventional H and E stain, the intermediate villi arise at right angles to the primary. 150 dpc, 
xl40 (From Tsutsumi 1962; Leiser et al. 1997 and Pfarrer et al. 2001) 
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Fig. 6.10 Schematic reconstructions of the placentomal vasculature at early and late stages; (b) cor¬ 
responds to Fig. 6.9a; (c) and (d) to 6.9 (c), (d), (e), and (f). In (c), bl represents a full grown, and b2 
a budding, villus; 1 and 2, uterine artery and vein; 3 and 4, stem artery and vein; 5, arterioles of inter¬ 
mediate villi, 9,10 and 11 the venous return. (From Leiser et al. 1997 and Pfarrer et al. 2001) 
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the cells and passive release of material seems to be as likely an explanation as 
normal secretion. This is especially true for placental lactogen since normal BNC 
development includes migration and fetomaternal fusion prior to release of secre¬ 
tory granules by exocytosis. No one has succeeded in reproducing this behaviour in 
cultures as yet, but isolated BNCs can synthesize progesterone from pregnenolone 
(Wango et al. 1991) and placental lactogen from amino acids (Morgan et al. 1990). 
In vivo the BNC population has considerable synthetic potential: bPL has fetal 
growth promoting activity and biases the maternal metabolism to favour fetal nutrient 
uptake and PAGs are suggested to play an important immunoregulatory role in the 
cow (Wooding et al. 2005a-c). Immature BNC express Platelet Activating Factor 
receptor (Bucher et al. 2006) and VEGF (Pfarrer et al. 2006a) and mature BNC 
show FGF and a variety of Integrins (Pfarrer et al. 2003; 2006b) which may be 
involved in BNC migration. Goat BNC express Matrix metalloproteinases and their 
inhibitors (Uekita et al. 2004). 

Nakano et al. (2002, 2005) have established a uninucleate cell (UNC) line (BT-1) 
from the cow blastocyst which grown on collagen gel eventually produces “clus¬ 
ters” of bPL producing BNC (the UNC do not produce bPL). A goat cell line (HTS-1: 
Miyazaki et al. 2002) derived from late pregnant cotyledons also produces bPL 
after some time in culture but the bPL is expressed in both UNC and BNC, which 
does not occur in vivo. What controls the differentiation in these two cases and how 
equivalent developmentally, ultrastructurally and synthetically these BNC are to 
those in vivo remains to be established. 


6.2.4 Structure and Function of Ruminant 
Placental Binucleate Cells 

Five to ten percent of any dividing cell population will be binucleate [BNC] with 
an ultrastructure identical to their uninucleate [UNC] neighbours. The nuclei are 
diploid [2N] and cytoplasmic division will usually follow. In contrast, trophoblast 
BNC (or “giant cells”) have significantly different [ultra]structure, size and shape 
to their adjacent UNC, are frequently polyploid and form hormone producing 
populations with specific functions. In rodents they are usually a transient stage in 
the development of highly polyploid giant cells (Pijnenborg et al. 1981; Ilgren 
1983). In Equid girdle and cup cells they do have two diploid nuclei (Wooding et 
al. 2001) but in ruminants the trophoblast BNC have two 4N nuclei at maturity prior 
to migration (see refs in Klisch et al. 2004). 

One of the characteristic properties of the binucleate cell seems to be a capacity 
for migration from its site of formation. In ruminants it can move into tight junctions, 
in the horse pass through the uterine epithelium and in hamsters and some other 
rodents the giants can invade the uterine arteries as deeply as the myometrial layer. 

BNCs are most consistently found and in the greatest number throughout preg¬ 
nancy, in the trophectoderm of all the ruminants so far studied (Wimsatt 1951; 
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Wooding 1982b, 1983). They first appear in the trophectoderm of the blastocyst 
during the third week of pregnancy (day 15, sheep, Boshier 1969; Wooding 1984; 
day 17, cow, Greenstein et al. 1958; day 18, goat, Wango et al. 1990b). They are 
found in the fetal trophectoderm apposed to the uterine epithelium at the earliest 
stages of implantation (day 16, sheep; day 18, goat; day 20, cow), and constitute 
approximately one-fifth of the total trophectodermal cells for almost the whole of 
the remainder of pregnancy. There is a decrease in the last week of pregnancy in the 
sheep and goat (Table 6.1). 

These generalizations apply to both singleton and multiple pregnancies 
(Wooding 1983). 

There is no evidence for any specialized stem cell; binucleate cells can originate 
by division of any uninucleate cell in the trophectodermal epithelium. The division 
produces two cells, one of which has no apical tight junction. The nucleus of this 
cell divides again without subsequent cytokinesis, thereby forming a binucleate 
cell. This binucleate cell rapidly releases any contact with the basement membrane. 
It therefore starts and usually completes its maturation process with only rare tiny 
desmosomal-like contacts with the uninucleate cells of the epithelium; no tight or 
gap junctions have been observed (Lawn et al. 1969; Boshier and Holloway 1977; 


Table 6.1 Binucleate cell numbers throughout pregnancy in ruminants' 



Stage of gestation 
days post coitum 

Percentage of 

BNC in trophectoderm 

Percentage of 

BNC population 
migrating 13 

Sheep 


12-15 (isolated 
preimplantation 
conceptuses) 

0-3 

28 


16-29 

18 

24 


41-67 

20 

21 


70-105 

18 

26 


114-139 

17 

18 


142-147 

(term =145) 

8 

20 

Goats 


27-90 

21 

21 


95-130 

21 

23 


135-148 

16 

25 

Cows 


18-28 

20 

25 


37-260 

21 

12 

Deer 


Implantation 

16 

12 


Implantation to 60 

18 

15 


‘For details of breeds, counting methods, statistical limits see Wooding (1983) 


b A migrating BNC is defined as one which is part of the trophectodermal apical tight junction 
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Wooding 1992). The young binucleate cell has a few mitochondria in a dense, 
ribosome-filled cytoplasm with no glycogen (Fig. 6.11a). 

It rapidly develops an extensive system of swollen rough endoplasmic reticulum 
cisternae and a very large Golgi apparatus. The Golgi produces large numbers of 
dense granules containing microvesicles (Fig. 6.11b) and the cell grows very large. 

In the first third of pregnancy in sheep and goat a fully granulated ‘mature’ 
binucleate cell frequently also contains a large lipid droplet and/or a membrane- 
bound crystalline inclusion which are typical of the surrounding uninucleate cells, 
emphasizing the derivation of one from the other. All the binucleate cells in the 
trophectoderm can be arranged in a single developmental sequence (Wooding 
1982a,b, 1983, 1984); there is no clear structural evidence for two populations as 
suggested by Boshier and Flolloway (1977). 

BNCs from all species so far examined contain a unique structural element, the 
double lamellar body (DLB). This is a discrete small area of double membranes of 
characteristic branching structure intermittently continuous with endoplasmic 
reticulum cisternae and usually located near the Golgi body (Fig. 6.12). 

In a recently divided BNC the double membranes have numerous associated 
small clear vesicles (Fig. 6.12a, b). DLBs in mature migrating BNCs lack these 
clear vesicles as do DLBs in the fetomaternal syncytia, which are derived from the 
migration (Fig. 6.12c). 

The DLB thus shows a clear developmental sequence but as yet its function is 
unknown. Autoradiographic (Wooding et al. 1981), histochemical (Wooding 1980) 
and immunogold EM (Lee et al. 1986b—-d) studies show no involvement of the DLB 
in protein synthesis, placental lactogen storage, phosphatase localization or BNC 
granule production. 

The maturing binucleate cell lies very close to the microvillar junction but nor¬ 
mally does not form part of the tight junction between the apices of the uninucleate 
trophectodermal cells. The mature BNC inserts a pseudopodium into the tight junc¬ 
tion, separating the UNC but maintaining the structure of the junction with the 
UNC. The BNC then expands the area of the plasmalemma above the junction 
(Figs. 6.1, 6.2 and 6.13) with a specialised population of small vesicles (Fig. 6.14) 
probably from the golgi body (Wooding et al. 1994). 

This modifies the microvillar junction to form a unique area of of flat apical 
BNC plasmalemma, the ‘Migration Front’, closely apposed to and/or bulging into 
the flattened plasmalemma of the uterine epithelial cell or derivative (Figs. 6.2, 6.13 
and 6.14). There is no further migration through the tight junction. The newly 
formed apical BNC plasmalemma is designed to fuse with the apposed uterine epi¬ 
thelial plasmalemma and the BNC cell content is injected into the uterine cell/syn¬ 
cytium. All of the original fetal BNC plasmalemma remains in the trophoblast, 
vesiculates and is resorbed by the trophoblast UNC (Fig. 6.2). 

Throughout pregnancy 15-20% of the total population of binucleate cells are 
found inserted into the tight junction in all four genera enumerated so far (cow, 
deer, goat and sheep) (Wooding 1983; Table 6.1). 

Only mature binucleate cells are found with tight junction structures and electron 
micrographs of these cells show all stages of insertion into the tight junction, injection 
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of BNC content and membrane resorption (Figs. 6.13, 6.15-6.17). Autoradiographic 
(Wooding et al. 1981, 1994) freeze-fracture (Morgan and Wooding 1983) and immu¬ 
nological (Wooding et al. 1994) evidence provides a clear confirmation of this 
remarkable process (subsequently referred to as “migration”). 

This BNC “migration” starts at implantation and in the goat, sheep and cow 
produces a syncytium bordering the maternal tissue by fusion of the inserted binu- 
cleate cells with some individual uterine epithelial cells plus an elimination of the 
remainder (Wathes and Wooding 1980; Wooding 1984) (Figs. 6.1, 6.2, 6.4 and 6.5). 
In the sheep and goat placentome this syncytium is present throughout pregnancy 
(Lawn et al. 1969) (Fig. 6.15a, b and 6.17). 

In the cow at implantation there is a transient formation of syncytium by binu- 
cleate cells fusing with uterine epithelial cells but only a partial loss of the uterine 
epithelium. This bovine syncytium is then eliminated by displacement by continu¬ 
ing division of the remaining uterine epithelial cells (King et al. 1979; Wathes and 
Wooding 1980). Subsequently, during the remainder of pregnancy in cow and deer, 
the “migrated” binucleate cell fuses with an individual cell derived from the origi¬ 
nal uterine epithelium to form a transient trinucleate cell (Fig. 6.16) which dies 
after the granules from the original binucleate cell have been released (Wooding 
and Wathes 1980; Wooding 1987) (Fig. 6.2). 

This “migration” was suggested by the earliest workers on the ruminant pla¬ 
centa (Assheton 1906; Wimsatt 1951), but subsequent electron microscopic 
investigations were unable to find any supporting evidence (Bjorkman and 
Bloom 1957; Lawn et al. 1969; Bjorkman 1968, 1970). A study of sheep binu¬ 
cleate cells in 1977, for example, concluded that there were ‘no published, well 
resolved pictures of binucleate cells in contact with the syncytium’ (Boshier and 
Holloway 1977). By developing a method for selective staining of non-osmi- 
cated material with phosphotungstic acid to emphasize only the binucleate cell 
granules and the microvillar junction (Figs. 6.13-6.17) (Wooding 1980) and by 
subsequent use of ultrastructural (Wooding et al. 1980) and immunocytochemi- 
cal (Fig. 6.13) (Wooding 1981; Lee et al. 1986b-d) techniques it has now been 
possible to demonstrate clearly both the fact and extent of the insertion and 
fusion process. 

The frequency of “migration” in the sheep and goat needs to be sufficient to 
maintain the syncytium, in which no nuclear division has ever been demonstrated, 
throughout the enormous expansion in area which occurs during formation of the 
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Fig. 6.11 (a) Synepithelio-chorial placentation. Glutaraldehyde/osmium fixation. Development of 
fetal binucleate cells (1, young; 2, mature) in the trophectoderm (T) of the definitive placenta of the 
goat. Note the numerous characteristic granules ( arrowheads ) and large Golgi body ( asterisk ) in the 
mature binucleate cell, which has started to migrate up to the microvillar junction at two points (open 
arrows ). S fetomatemal syncytial layer; C fetal connective tissue. 127dpc, x2,500. (b) Cow binucle¬ 
ate cell granules containing characteristic microvesicles (arrows). 49 dpc, x46,000 



158 


6 Synepitheliochorial Placentation: Ruminants (Ewe and Cow) 



Fig. 6.12 Synepitheliochorial placenta Glutaraldehyde/osmium fixation, (a) The ‘double lamellar 
body’ (DLB, at arrows ), characteristic of ruminant binucleate cells, is closely associated with the 
golgi body (G) and has electron lucent vesicles ( arrowheads ) associated with it in the young non 
granulated binucleate cell in a cow. 114dpc, x50,000. (b) The DLB is very similar in structure in 
BNC in the ewe. 114dpc, x50,000. (c) In the ewe the mature DLB in the fetomatemal sycytium 
which is formed mostly from migrated BNC shows no associated vesicles such as those seen in the 
immature form in (b). 114dpc, x40,000 
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cotyledonary villi. It is clear that static micrographs can never provide direct evi¬ 
dence for a dynamic process. However, injection of radioactive thymidine into fetal 
sheep or goats and subsequent autoradiography of the fetomaternal interface layers 
shows that labelled nuclei are initially found exclusively in the uninucleate troph- 
ectoderm, subsequently in mature binucleate cells and finally in the syncytium 
(Wooding et al. 1981, 1993). There was no evidence for a population of binucleate 
cells which became labelled but did not migrate. 

In the goat and sheep cotyledon, maintenance of the substance of the syncytium 
would seem to be as important a function for “migration” as granule delivery 
(Fig. 6.17). 

In the cow and deer the primary function of the “migration” is to deliver the 
binucleate cell granules to the plasmalemma bounding the maternal connective tis¬ 
sue (Steven et al. 1978). Exocytosis would then deliver the granule contents close 
to the maternal circulation, and there is good ultrastructural evidence for such a 
process from sheep and goat syncytium and cow trinucleate cells (Wooding 1987; 
Wango et al. 1990a). This is the ideal position for the fetal products to influence the 
maternal metabolism and immunological reactions to favour the fetus, evading the 
tight junction barriers in the placenta. 

Ovine and bovine placental lactogens (oPL and bPL) have been localized exclu¬ 
sively in the BNC granules and Golgi body and the granules in the syncytium by 
electron microscopic immunocytochemistry (Fig. 6.13b; see refs in Wooding et al. 
1992 for sheep; Wooding and Beckers 1987 for cow). 

No label was found over the Golgi bodies in the syncytium, indicating that syn¬ 
thesis and packaging of BNC granule contents occurs before BNC “migration” 
(Wooding 1981; Lee et al. 1986b-d; Wooding and Beckers 1987). Biochemical 
organelle isolation techniques have also shown that placental lactogens co-purify 
with a granule fraction (oPL, Rice and Thorburn 1986; bPL. Byatt et al. 1986, 
1992). More recently, hybridization histochemical studies (Milosavljevic et al. 
1989; Kappes et al. 1992) have shown that PL mRNA is found only in ovine and 
bovine BNCs. 

The Pregnancy Associated Glycoproteins (PAGs) are another important BNC 
granule constituent. Molecular studies have shown there are many distinct PAGs - 
21 in the cow for example- and they belong to the aspartic proteinase family. The 
PAGs are probably enzymically inactive but may retain specific peptide/protein 
binding ability. There are two subgroups, one evolving >87 million years ago (mya) 
and a second >52 mya. The older types are present in ALL trophoblast cells (though 
concentrated in the BNC), the younger ONLY in the BNC granules (Hughes et al. 
2000). Recent immunological studies indicate important functional roles in 
maternofetal adhesion and as immunomodulatory effectors in the maternal connec¬ 
tive tissue (Wooding et al. 2005b). 

There is evidence that, although all BNCs appear similar ultrastructurally, the 
content of their granules may depend on the location of the BNCs or the age of the 
conceptus. Ovine interplacentomal BNCs do not express oPL or the PAG known as 
SBU-3 (Lee et al. 1985, 1986c,d), and although oPL is present in placentomal BNC 
in conceptuses from 16dpc, SBU-3 is not found until 24dpc (Morgan et al. 1987). 
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Binucleate cell “migration”, therefore, provides the fetus with a general method 
of delivering large molecules to the maternal circulation. However, in the sheep, oPL 
is present in both maternal and fetal circulations and if all binucleate cells migrate 
to the maternal side it is difficult to understand the origin of the fetal serum oPL 
(Chan et al. 1978; Martal and Lacroix 1978). What little evidence there is indicates 
that there is no transfer of oPL from maternal to fetal circulation (Grandis and 
Handwerger 1983) or from fetus to mother (Schonecht et al. 1992). This problem is 
more extreme in the cow, in which the bPL concentration in the maternal circulation 
is always very much lower than on the fetal side (Beckers et al. 1982; Wallace et al. 
1985). Despite this, all the bPL-containing BNCs appear to migrate and bPL- 
containing granules are found only in BNCs and their derivatives (Wooding and 
Beckers 1987). Even allowing for the vastly greater maternal blood volume, the amount 
reaching the fetal circulation is very significant from the earliest stage measured. 

There is no evidence in cow or sheep for a subpopulation of BNCs which 
degranulate on the fetal side, but there may be a constant low level of release of 
granules prior to BNC migration, which would be very difficult to detect ultrastmcturally. 
Alternatively, there may be a constitutive pathway for oPL and bPL secretion inde¬ 
pendent of the conventional regulated exocytotic mechanism (Burgess and Kelly 
1987). This is an important point because exogenously administered oPL elicits 
biological responses in the fetal sheep (Battista et al. 1990) consistent with earlier 
suggestions (Bell 1984; Gluckman et al. 1987) that oPL may serve as an important 
somatotrophic hormone in the fetus. 

This presence of placental lactogens in both fetal and maternal circulations is in 
sharp contrast with the restriction of equine chorionic gonadotropin (eCG) produced 
by the horse endometrial cup BNCs entirely to the maternal circulation (Ginther 
1989). In this case the BNCs do not mature (i.e. produce eCG-containing granules) 
until they are in transit to the cup site in the maternal endometrium (Chap. 5). 

It has been suggested that binucleate cell migration in the sheep can be 
increased by fetal pituitary stalk section or adrenalectomy, but this was based on 
the assumption that migration was insignificant in normal pregnancy (Barnes 
et al. 1976; Bass et al. 1977; Steven et al. 1978; Lowe et al. 1979). Quantitative 
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Fig. 6.13 (a) Synepitheliochorial sheep placenta. Phosphotungstic add staining. Binucleate cells 
migrate across the microvillar junction ( arrows ) by forming the Migration Front (MF; arrow¬ 
heads). Migration occurs continuously throughout pregnancy and fusion by vesiculation of the 
MF with the apposed fetomatemal syncytium plasmalemma releases the characteristic BNC gran¬ 
ules ( asterisks ), formed before migration in the Golgi body (G), into the fetomatemal syncytium 
(S). 114dpc, x5,000. (b) Binucleate cell Golgi body immunostained for ovine placental lactogen. 
The gold particles localize the lactogen exclusively to the trans cisternae of the Golgi stack 
(arrow) and the granules. 114dpc, x38,000. (Inset on b) Colocalization of ovine placental lactogen 
(5nm gold) and the SBU-3 antigen (lOnm gold) on the binucleate cell-derived granules in the 
placental syncytium. At nucleus (From Lee et al. 1986c). 114dpc, x40,000 
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studies have shown in the sheep that there is no significant difference between the 
BNC migration level in normal pregnancy and that found after a variety of experi¬ 
mental procedures including pituitary stalk section, adrenalectomy, carunclec- 
tomy, hypophysectomy and administration of progesterone synthesis inhibitors 
and EGF (Wooding et al. 1986). The production, maturation and migration rates 
of the BNCs seem to be totally unaffected by administration of this wide variety 
of compounds and procedures, as are the oPL blood concentrations (Taylor et al. 
1982, 1983). In the last week of pregnancy there is a fall in binucleate cell num¬ 
bers (Wooding 1982a,b, 1983) and this correlates with a similar fall in oPL con¬ 
centration in both fetal and maternal circulations (Martal et al. 1977). Fetal 
cortisol from the adrenal is the trigger for parturition with its accompanying fall 
in BNC number. Injection of cortisol into the fetus in late pregnancy (130dpc), 
long before normal partus (145 dpc) has recently (Ward et al. 2002) been shown 
to produce a similar reduction in BNC numbers. If betamethasone, a glucocorti¬ 
coid analogue is injected into the fetus earlier in pregnancy (104 dpc) a 30% fall 
in BNC number and maternal oPL concentration result 5 days later but the BNC 
numbers and oPL concentrations recover to normal levels near term (Braun et al. 
2007). Corticoids can therefore stop BNC production but what initiates and main¬ 
tains it remains to be demonstrated. 

During implantation the earliest evidence for binucleate cell formation in sheep 
(Boshier 1969) is found at the same time as the first demonstration of placental 
lactogen and PAGs in the blastocyst of the sheep (Martal et al. 1977; Morgan et al. 
1987) or cow (Flint et al. 1979; Wooding et al. 2005). The detection of either oPL 
or PAGs in the maternal circulation have been used as the earliest indication of 
pregnancy (Vandaele et al. 2005). However, until it is possible to predictably 
manipulate the oPL and PAG concentrations, there is insufficient evidence to 
assume that the blood concentrations are directly related to binucleate cell numbers. 
It could be that it is the rate of migration of the cells or exocytosis of the granules 
which is the primary locus of control of release of oPL into the maternal circulation. 
Secretion from placentomal slices (said to involve protein kinase C. Battista et al. 


- 

Fig. 6.14 Differential labelling of the Binucleate Cell Migration Front (MF) which is the new 
plasmalemma the migrating BNC forms past the tight junction (Figs. 6.1, 6.2 and 6.13). This 
new plasmalemma will fuse and break down into vesicles with the apical membrane of the 
matemofetal syncytium to which it is apposed. The fusion releases the BNC cytoplasmic content 
into the syncytium. Serial sections show that Ovine Placental Lactogen (OPL) antibody labels 
(al,bl) the golgi body (G) and granules (arrow) but not the group of tiny vesicles (v) near the golgi 
nor (bl,2), the migration front (MF) whereas SBU3 antibody labels all three (a2,b2 and c) 
Quantitation of the label shows the specificity of the SBU3 label with the MF at 19 grains per |tm 
and none of the other membranes, including the BNC basolateral plasmalemma (single arrowhead 
on (c)) and the adjacent microvillar junction (MVJ on (c)) showing levels significantly above 
background. (From Wooding et al. 1994). 114dpc, (al,a2), x24,000; (bl,b2), xl9,000; (c), 
x 13,000 
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Fig. 6.15 (a) Synepitheliochorial sheep placenta. Binucleate cells migrate (solid arrows) across 
the microvillar junction (open arrows) throughout pregnancy ((a) 65dpc; (b) 142dpc) delivering 
their granules to the base of the fetomatemal syncytium (asterisks). There are usually many gran¬ 
ules in the syncytium at early stages (Figs. 6.15a and 6.17) of pregnancy, few are found near term 
(6.15b) when BNC still migrate (b, solid arrow) but are far fewer, m maternal/fetal, blood vessels 
(Wooding 1981). (a) 65dpc, x2,600; (b) 142dpc, x 1,400 
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Fig. 6.16 Synepitheliochorial cow placenta. Throughout pregnancy mature fully granulated (white 
asterisks) binucleate cells (B1) migrate from the fetal trophectoderm (T) across the microvillar junc¬ 
tion (open arrow) to fuse with uterine epithelial cells (U) producing trinucleate cells (B2). These 
eventually release their granules (B3, asterisk) close to the maternal blood vessels (m), die and are 
resorbed by the trophectoderm (Wooding and Wathes 1980) F fetal blood vessel. 130dpc, x2,700 
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Fig. 6.17 Synepitheliochorial placenta in the goat. Numerous BNC are present in the trophectoderm, 
a sequence of development 1^1 is shown, with BNC4 migrating to form the syncytium (S). This con¬ 
tains numerous granules, all derived from the BNC and many nuclei (e.g. 5) most of which are from 
BNC. 50dpc, x 1,500 
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1990) will include oPL secreted to the fetal side as well as from granules delivered 
to the syncytium by BNC migration - the normal route into the maternal circula¬ 
tion. The latter is an order of magnitude greater than the former in vivo. Isolated 
trophectodermal uninucleate and binucleate cells (Burke et al. 1989) and tissue 
culture monolayers (Nakano et al. 2002, 2005) will presumably be restricted to only 
the fetally directed secretion type. 

There is an increasing amount of evidence that the placental lactogens can mod¬ 
ify the maternal metabolism and placental angiogenesis to favour fetal nutrition and 
growth (Freemark and Handwerger 1986; Freemark et al. 1987; Chene et al. 1988; 
Forsyth 1991; Byatt et al. 1992; Corbacho et al. 2002) but the details of the mecha¬ 
nisms and control of release of the hormone remain to be elucidated. 


Chapter 7 

Endotheliochorial Placentation: Cat, Dog, Bat 


7.1 Introduction 

In endotheliochorial placentation no uterine epithelium survives implantation (Figs. 
1.5 and 7.1). The cellular chorioallantoic trophectodermal cells produce, by divi¬ 
sion and fusion, a fetal syncytium apposed to an amorphous layer around the per¬ 
sisting maternal endothelium. The amorphous layer (also referred to as the 
interstitial layer or, misleadingly, ‘membrane’) is probably produced by the syncy¬ 
tium and is equivalent, ultrastructurally and in molecular constituents, to the base¬ 
ment membrane of the maternal endothelium. It is neither uniformly thick nor 
continuous; processes of the fetal syncytium penetrate through it to reach a close 
relationship with the maternal endothelium in places, and it includes occasional 
large residual endometrial cells. This structure is characteristic of the early and 
definitive endotheliochorial placentas which are zonary (Figs. 1.4 and 7.1). 

The zones are made up of grossly parallel fetal villi, which are labyrinthine in 
architecture. Usually, but not always, there is a large haemophagous zone at the 
edge or in the centre of the zonary structure. Outside the main zone of the placenta 
a cellular fetal trophectoderm is loosely apposed to a persistent uterine epithelium 
and there are small areolae over the gland mouths. Endotheliochorial placentation 
is characteristic of carnivores and many bats but is also found in individual genera 
in other orders - Proboscidea (elephant), Tubulidentata (aardvarks), Rodentia 
( Dipodomys , the kangaroo rat), Insectivora ( Talpa , the European mole, and Blarina, 
the shrew) and also Bradypodida (the sloths) (Mossman 1987). 

The cat and dog will be taken as the characteristic examples of this placental type. 


7.2 Dog, Canis familiaris; Cat, Felis domestica 


Oestrous cycle 

Dog, one 21-day cycle during the single yearly breeding period. 

Cat, 15-21 day cycles; several during each of the breeding periods which occur 2-3 
times per year. 


P. Wooding, G. Burton, Comparative Placentation, 
© Springer-Verlag Berlin Heidelberg 2008 
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Fig. 7.1 Endotheliochorial placental membrane development, mostly Carnivora 
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Ovulation : Spontaneous in the dog, induced by coitus in the cat. For endocrinological 
details during pregnancy see Concannon et al. (1989), Swanson et al. (1995). 
Litter: 3-6. 

Gestation: 55-65 days. Relaxin assay provides a possible pregnancy test at 28dpc 
(Van Dorsser et al. 2006) 

Implantation: superficial; central, antimesometrial. 

Amnio gene sis: folding. 

Yolk sac: well-vascularized choriovitelline placenta up to 24dpc with non-vascularized 
short villi of endotheliochorial structure (Fig. 7.1). The yolk sac is then separated from 
the chorion by growth of the allantoic sac but persists to term (Fig. 7.1) as a highly 
vascularized collapsed sac with a characteristic ultrastructure (Lee et al. 1983). 
Chorioallantois: forms definitive placenta, the allantoic sac surrounds and vascu¬ 
larizes the amnion and chorion. 

Shape: zonary. 

Decidua: very infrequent modification of stromal cells in the endometrium just 
below the invading tips of the villi. 

Cats, and to a lesser extent dogs, have large cells, probably of endometrial stro¬ 
mal origin, throughout the placental lamellae between the trophectodermal syncy¬ 
tium and the maternal endothelial cells. Most authors refer to them as decidual cells 
but nothing is known of their function (Fig. 7.8a) (Malassine 1974). Ruminants 
have similar cells in an equivalent position (see Fig. 7.8b). 

Interhaemal membrane: endotheliochorial in the placental zone. 

Accessory placental structures: areolae in the paraplacental region which has cellular 
trophectoderm loosely apposed to the cellular uterine epithelium. Haemophagous 
zones at the margin or centre of the zonary placenta (Figs. 1.4 and 7.5). 


7.2.1 Fetal Membranes and Placental 

Development in Cat, Dog and Mink 

The newly pregnant bicornuate uterus has a uniform development of numerous 
glands around the lumen (Wislocki and Dempsey 1946; Barrau et al. 1975). In the 
cat and dog, blastocysts enter the uterus at 5 dpc and establish an even spacing by 
8dpc (see chapter 2.1.1), at which time they are sufficiently large to distend the 
uterus. If only two blastocysts are present one implants in each horn about half-way 
up (Amoroso 1952). There is evidence for up to 40% transuterine migration 
between horns in cat and dog (Shimizu et al. 1990). 

In several animals with endotheliochorial placentas, such as bears, badgers, mink 
and seals, the blastocyst can be held in diapause (Enders and Given 1977; Mead 1993). 
Implantation can be delayed for several months and reactivated by physiological mech¬ 
anisms usually involving photoperiod and in mink, release of hypophysial Prolactin 
(Desmarais et al. 2004). Once the blastocyst has expanded to distend the uterus (central 
implantation) the yolk sac is vascularized over most of its mesometrial half, and a func¬ 
tional trilaminar choriovitelline placenta is formed (Figs. 7.1 and 7.2a). 
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Fig. 7.2 Endotheliochorial cat placenta (see Fig. 7.1 for diagrams). Arrows indicate the tropho- 
blast. Developmental sequence, all at the same magnification, showing (a) early apposition (13 
Vadpc), (b) short yolk sac placental villi, non-vascularized (about 16dpc) and (c) vascularized 
fetal chorioallantoic villi or lamellae (25 dpc). Note the increase in length of both the fetal villi 
and maternal crypt sides (L) but the relative constancy of the depth of the glands plus junctional 
zone (G). (a) OVjdpc, xl20. (b) 16dpc, xl20. (c) 25dpc, xl20 


In the cat, cellular contact and subsequent interdigitation of microvilli between 
trophectoderm and uterine epithelium starts on 13 dpc. Around this time full api¬ 
cal junction complexes have been observed (Leiser 1979) between cells from the 
two epithelia, but it is not clear whether these are formed as a result of fetal 
trophectoderm intrusion between, or fusion with, the cells of the uterine epithelium. 
The uterine epithelium undergoes degeneration with sporadic lateral fusions to 
form symplasm and a considerable amount of individual cell death. At this stage 
the cellular trophectoderm (cytotrophoblast) shows numerous divisions and pro¬ 
duces a syncytium inextricably enmeshed with remnants of the cellular and newly 
symplasmic remnants of the uterine epithelium (Leiser 1979). The fetal syncytio- 
trophoblast is actively phagocytic, capable of displacing and replacing the uterine 
epithelium and its basement membrane (Barrau et al. 1975; Leiser 1979). It then 
flows around the maternal capillaries and establishes the endotheliochorial pattern 
of the interhaemal membrane. 

Initial penetration of the endometrium by the syncytium backed by the rapidly 
dividing cytotrophoblast is down the gland lumina, eroding the gland epithelium 
and basement membrane. Corrosion casts of the maternal endometrial vasculature 
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Fig. 7.3 Endotheliochorial cat placenta. Placental development showing the enormous increase 
in length and proliferation of the labyrinthine fetal and maternal lamellae (arrows) between 25 dpc 
(a) and about 60dpc (b). Term is 61-63dpc. The gland region depth (G) does not change much. 
Both (a) and (b) are at the same magnification. / fetal artery; m maternal connective tissue, 
s maternal stem arteries, (a) 25 dpc (b) 60 dpc, both x24 

at this stage (Pfarrer et al. 1999) show a network of capillaries around each regu¬ 
larly spaced gland. These networks are connected to a stem artery running up to a 
subepithelial position before branching to supply the capillaries. The initial pattern 
of the fetal villi is therefore dictated by the pre-existing gland distribution and their 
growth by the close proximity to the vascularised yolk sac. The shallow chorivitelline 
villi form over most of the spherical conceptus between 12 and 18 dpc but are not 
vascularised. The yolk sac is then pushed away from the chorion by the rapid 
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growth of the allantois. This membrane sac is much more aggressively vascularised 
and initiates blood vessel growth into each villus, initiating the chorioallantoic pla¬ 
centa at about 20dpc (Fig. 7.1). 

At the same time the maternal villi are formed by upward growth of the stem arter¬ 
ies. In the cat, the maternal villi are well established before there is any fetal vascu- 
larisation, but in mink the growth and vascularisation of both proceed in parallel 
(Wooding et al. 2007b). Growth of both villi depends upon remodelling of the con¬ 
nective tissue (Walter and Schonkypi 2006) and the effect of angiogenic stimuli pro¬ 
vided by VEGF and its receptors expressed by the trophoblastic syncytium and the 
endothelia of maternal and fetal capillaries (Winther et al. 2001; Lopes et al. 2003). 

As Mossman (1987) has pointed out, formation of the zonary placental villi can¬ 
not just be based on erosion by the fetal syncytium and its advance into the 
endometrium, the final length of the villi is much too long for this. There has to be 
considerable expansion of the maternal blood capillary system. This point can be 
best appreciated by examination of a developmental series of transverse sections 
through the cat placenta (Figs. 7.2 and 7.3) . 

In the cat the structure of the initial interhaemal membrane is endotheliochorial, 
as it is at term (Figs. 7.8a and 7.9a). Indentation of the fetal cyto- or syncytiotro- 
phoblast by the fetal capillaries is considerable towards the end of pregnancy (7.4a) 
and there is usually a definite attenuation of the amorphous interstitial layer 
(Anderson 1969; Barrau et al. 1975). The maternal endothelium varies considerably 
in thickness depending upon the species. In the bear and mink it is typically two to 
three times thicker than in seals and cats, but the functional significance of the dif¬ 
ferences is obscure (Amoroso 1952; Sinha and Erickson 1974; Wimsatt 1974). 

The area of the interhaemal membrane increases and its thickness decreases as the 
fetus grows, thus continuously improving the transport potential of the placenta (Baur 
1977). Only one glucose transporter isoform, GT1, is found on the apical and basal 
syncytiotrophoblast plasmalemma in cat, dog and mink (Fig. 7.4b, Wooding et al. 
2007b). Amino acid transporters are present on the basal plasmalemma of the cat syn¬ 
cytiotrophoblast (Champion et al. 2004). There is also some ultrastructural evidence for 
immunoglobulin transport across the dog placenta to the fetus (Stoffel et al. 2000). 

When the chorioallantoic membrane is first forming, the whole conceptus is 
expanding and elongating to become sausage shaped, with paraplacental regions 

■* - 

Fig. 7.4 Glucose transporter 1 localisation in the mink placenta, (a, b) Adjacent sections showing 
(a) toluidine blue (TB) stained resin section and (b) GT1 immunogold labeled section, no 
osmium, no counterstaining. (b) The endothelium (me) of the maternal capillaries (1-4) expresses 
a high level of GT1 on the apical plasmalemma ( solid white arrows), with some on the lateral 
plasmalemmas also. The strongest GT1 immunoreactivity (IRT) is shown by the fetal capillaries 
(i arrowheads ) that indent the trophoblast and the basal plasmalemma ( double arrows) of the syn¬ 
cytiotrophoblast (asterisk), which is occasionally interrupted by the cytotrophoblast ( wiggly 
arrows). The apical syncytiotrophoblast displays a more diffuse GT1 IRT (b, arrow) and is 
apposed to the ‘intermediate membrane’, the thickened basement membrane of the maternal 
endothelial cells which is selectively stained with TB (a, arrows). 1.2 cm CRL, x200 
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Fig. 7.5 Endotheliochorial dog placenta. Cross section through the zonary placenta of the dog at 
mid pregnancy. Note the large marginal hemophagous zones (H). A Allantoic membrane, LAB 
labyrinthine chorioallantoic placenta, JZ junctional zone, GZ glandular zone, M muscle in uterine 
wall, P paraplacental chorioallantoic placenta. About 35dpc xl5 (from Bjorkman 1970) 


outside the central zone of the placental villi. These regions have unchanged cellular 
trophectoderm and uterine epithelium loosely apposed with small areolae over the 
mouths of the numerous glands which are actively secreting throughout pregnancy 
(Leiser and Enders 1980a). The area of this paraplacental region (Figs. 7.1 and 7.5) 
is macroscopically larger than the zone of the placental villi but probably less than 
5% of the total interhaemal area at term. 

A characteristically large haemophagous zone develops at the edge or in the 
middle of the zonary endotheliochorial placenta of carnivores (Fig. 7.5). 

It is lined on the fetal side by high columnar trophectoderm showing all stages of 
very active phagocytosis and digestion of the red blood cells from the stagnant pool 
of blood at the fetomaternal interface. On the maternal side the uterine epithelium 
may be either cellular or syncytial. Transient rupture of the occasional maternal blood 
vessel is probably instigated by the fetal trophectoderm at the edge of the haemopha¬ 
gous zone, but the details of the mechanism are unclear. The endothelial break is soon 
repaired and the uterine epithelium reforms over the top (Leiser and Enders 1980b). 


-► 

Fig. 7.6 Endotheliochorial cat placenta. (a,b) Corrosion casts of resin injected fetal blood vessels. 
Note the lamellae formed from the fetal capillary meshwork in the labyrinthine zone in 
(a) and (b). The casting resin filled fetal arterioles (AI) and capillaries but not the venules (VI) 
whose lumina are indicated by the dashed arrows in (b). (a) 57dpc; x25. (b) 57dpc; xlOO, from 
Leiser and Kohler (1984). (c) Corrosion cast of maternal blood vessels. The maternal stem artery 
(SA) runs through the full depth of the placenta before supplying (arrowheads) the capillaries of 
the labyrinthine zone (LZ). The capillaries collect into broad venules (SV) in the junctional zone 
(JZ) which drain into veins (white arrow) in the endometrial muscle layer (M). Compare this figure 
with the histological cross section of the dog placenta on Fig. 7.5.From Leiser and Kohler 1983 
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The gross form of the haemophagous zone or organ is very characteristic of the spe¬ 
cies. Cats and dogs (Fig. 7.5) have green or brown borders to their zonary placentas 
coloured by blood pigment residues, and in the sea otter there is a large central pedun¬ 
culate sac. There is an excellent review of haemophagous zones by Burton (1982). 

The intimate relationship of the fetal and maternal blood vessels in the carni¬ 
vores and the relative volumetric insignificance of the tissue in between is elegantly 
demonstrated by perfusion of both fetal and maternal vasculatures prior to TEM 
(Fig. 7.4a). The overall vascular architecture is best demonstrated by histological 
and SEM studies of corrosion casts of the two vasculatures (Figs. 7.6, cat; Fig. 7.7, 
mink, Leiser and Kohler 1983; Krebs et al. 1997). 

These clearly show that maternal blood passes directly to the fetal side of the 
placenta and fetal blood to the maternal side prior to flowing back through their 
capillary systems. The arrangement of the arteriolar supply to the capillary net¬ 
works is such that the flow is considered to be predominantly cross-current (Fig. 
2.6a) (Leiser and Kohler 1983). 

Erosion of the original endometrial cells in the dog and cat is practically com¬ 
plete except for a population of cells which are distributed fairly evenly throughout 
the placenta in the amorphous (interstitial) material between fetal syncytium and 
maternal endothelium (Fig. 7.1 and 7.8). 

Wislocki and Dempsey (1946) suggested that these cells originate from fibrob¬ 
lasts. They are typically large, 30-50 jam with one, or often two, large nuclei. They 
resemble fibroblasts in their massive fibrillar tracts containing actin and vimentin 
(Winther et al. 1999) but also have swollen rough endoplasmic reticulum and a large 
Golgi apparatus which suggests they may have considerable synthetic potential. In 
the cat they express TGFa, EGF and EGFR (Boomsma et al. 1997) amino acid 
transporters (Champion et al. 2004), and matrix metalloproteinases (Walter and 
Schonkypi 2006). Once the placenta is established these cells can divide and main¬ 
tain their frequency as the placenta grows. They are very similar in ultrastructure and 
position to the residual endometrial cells described above for the sheep and goat 
synepitheliochorial placentas, and their function is equally enigmatic (Fig. 7.8). 

Descriptions of endotheliochorial placental development refer to a zone of necro¬ 
sis in the endometrium at the tips of the advancing fetal villi. In this region the gland 
epithelium becomes syncytial, the connective tissue oedematous, and both degener¬ 
ate. From transverse sections of the placenta the impression given is that the necrotic 


-<«- 

Fig. 7.7 Endotheliochorial mink placenta, (a) LM section through the full depth of the near term 
placenta. Perfusion fixation has emptied the maternal capillaries ( asterisks ) which are much larger 
than the meshwork of fetal capillaries (white arrows) with which they are surrounded. The maternal 
stem arteries (ma) pass through the full depth of the placenta before supplying the capillaries. This 
is also elegantly shown by the corrosion cast of the maternal blood supply on (c). (b) Corrosion 
cast of a fetal primary villous complex corresponding to the meshwork of capillaries indicated by 
the white arrows on (a). The stem artery (fa) enters, and vein (fv) exits at the top of the placental 
unit shown on (a), (a) x65; (b) x50; (c) x75. From Krebs et al. 1997 




Fig. 7.8 Endotheliochorial placentation. Electron micrographs of the definitive interhemallayers 
in a cat (a), and a sheep (b), placenta. “Decidual” cells (D) in the maternal connective tissue are 
consistently present in the same position adjacent to the maternal endothelial cells. They have 
extensive rough endoplasmic reticulum, large golgi bodies and glycogen deposits, fct fetal con¬ 
nective tissue; T cellular trophectodenn; S syncytial trophectoderm; asterisks, ‘interstitial mem- 
brane’;/fetal and m maternal, blood vessels (a) Cat. 35dpc; x3,000. (b) Ewe 140dpc; x4.000 
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zone represents an area of total tissue breakdown induced by the fetal syncytium, 
which then phagocytoses the resulting debris (Amoroso 1952; Barrau et al. 1975). 
The process is in fact very selective since the maternal blood vessels pass through this 
zone completely unchanged and they probably represent 30-50% of the volume of 
the structures initially present (Leiser and Kohler 1983). The closest analogy might 
be a building on extensible stilts, which are sufficiently robust to support and supply 
the building of the upper floors. These would correspond to the initial choriovitelline 
placenta. The blood vessel ‘stilts’ would eventually be incorporated into the final 
structure by growth of the chorioallantoic lamellar placenta. 

The characteristics of carnivore placentation are remarkably consistent. The ini¬ 
tially weakly vascularised endotheliodichorial villous choriovitelline placenta is colo¬ 
nized by the rapidly proliferating allantoic vasculature to produce the endotheliodichorial 
chorioallantoic placenta. This is always associated with a haemophagous zone, a 
large allantoic sac and a significant yolk sac remnant. The only exception so far 
reported is the hyen a, which has the typical large allantois and persistent yolk sac but 
a haemomonochorial definitive placenta which still has a marginal sinus similar in 
size to that of the cat haemophagous zone but filled with circulating rather than static 
maternal blood (Wynn et al. 1990; Enders et al. 2006). 


7 . 2.2 Other Endotheliochorial Placentas 

Definitive bat placentas show a considerable range of trophoblast forms with a few 
endotheliochorial but mostly (more than 90% of species) haemochorial in structure. 
However, uniquely, many definitively haemochorial bats show a sequence of two dif¬ 
ferent chorioallantoic placental types. There is an initial diffuse endotheliodichorial 
area which is functional until just after midgestation when it regresses. Just before 
midgestation the definitive, separate discoidal hemochorial placenta develops which 
is functional for the second half of pregnancy when the exponential growth of the 
fetus requires maximum nutrient transport (Rasweiler 1993; Badwaik and Rasweiler 
2000). It is the families with the more primitive anatomical characteristics which have 
definitive endotheliochorial placentas, but only one (Emballonuridae) has a clearly 
defined equivalent of a haemophagous zone. The trophoblast barrier may be cellular 
(Rhinopomatidae), syncytial (Emballonuridae) or dichorial with continuous cellular 
and syncytial layers ( Rhinolophus ), (Mossman 1987; Badwaik and Rasweiler 2000). 
For details of the haemochorial bat placentas, see Chap. 8.6.2.1. 

It was only by a study of the ultrastructure that the placenta of the insectivore 
Blarina (common shrew) was shown to be endotheliochorial (Wimsatt et al. 1973). 
The syncytial trophoblastic layer is uniquely attenuated and profusely fenestrated, 
and both maternal and fetal capillary endothelial cells extend slender processes 
from their bases to or through this lace-like trophectoderm (Fig. 7.9b). It certainly 
would be no barrier to macromolecules but may have some residual role in regula¬ 
tion or prevention of maternofetal cell traffic. A recent suggestion that in the final 
week of pregnancy it forms no significant barrier at all (Kiso et al. 1990) requires 
confirmation. Blarina (Soricinae) also has an unusual annular haemophagous zone 
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with absorptive trophectoderm underlain by vitelline (yolk sac) capillaries (King 
et al. 1978) rather than the usual allantoic vascular system as in carnivores or bats. 
This emphasizes again the plasticity of the fetal membranes with quite different 
parts adapting to serve the same function. 

Fenestrated syncytiotrophoblast has been found in only one other order, 
Bradypodidae, the sloths, again with an endotheliochorial placenta. Here the layer is 
more substantial than in the shrews but still essentially porous. There is no haemopha- 
gous zone and the rest of the fetal membranes are, according to Mossman (1987), more 
reminiscent of anthropoids with a very early vascularization of the eventually discoid 
chorioallantoic placenta and the small non-persistent yolk sac (King et al. 1982). 

The African otter shrews are endotheliomonosyncytiochorial plus the obligatory 
discontinuous cytotrophoblast layer to allow growth (Carter et al. 2006), with a 
central haemophagous sac. Neither of these features is found in the European 
shrews which are haemochorial (Mossman 1987). 

Other examples of endotheliochorial placentation similar to the carnivore inter- 
haemal membrane in structure are found in widely separated orders. Most [the 
aardvark (Orycteropodidae), two insectivores, Talpa (Malassine and Leiser 1984) 
and Tupaia (Luckhardt et al. 1985)] lack a haemophagous zone. 

In the Elephantidae the trophoblast is a monocellular layer, no syncytium is 
formed. There is less invasion of the endometrium, the chorioallantoic lamellae 
form above the plane of the initial implantation. For iron transport there are many 
small haemophagous zones at the tips of the maternal villi, while glucose transport 
requires two different isoforms, GT1 on the basal and GT3 on the apical trophoblast 
plasmalemma (Wooding et al. 2005c). 

Dipodomys, the kangaroo rat (King and Tibbitts 1969), also has cytotrophoblast 
as the only layer between the maternal and fetal capillaries (Fig. 7.9c), but there is 
no haemophagous zone. 

The endotheliochorial placenta thus appears to be a successful solution for a 
variety of animals in a wide range of habitats with very different reproductive habits 
and maternal sizes. A haemophagous zone is a sufficiently frequent accompaniment 
to endotheliochorial placentation to indicate one advantage in developing a fully 
haemochorial placenta. Most orders with endotheliochorial placentas also have 
members with the haemochorial type. 

■< - 

Fig. 7.9 Most endotheliochorial placentas display a fairly uniform interhemal membrane (see Fig. 
7.8), as typified by the cat (a) with a discontinuous cellular cytotrophoblast (T) which generates the 
thick syncytial layer (S) separated from the maternal endothelium (M) by a dense acellular interstitial 
layer {asterisk). However the Insectivore, Blarina (b) with its exiguous meshwork of discontinuous 
syncytiotrophoblast and the Rodent, Dipodomys (c), with its extremely thin syncytiotrophoblast 
layer (S) clearly demonstrate the variability possible within the endotheliochorial framework. The 
interstitial layer (asterisks) is also very different in these examples. Arrowheads, trophoblast base¬ 
ment membrane; FE fetal capillary endothelium; M maternal capillary; ME maternal endothelium, 
(a) 35dpc; x8,000 (b) Near term placenta; xl8,100 from Wimsatt et al. (1973). (c) Near term pla¬ 
centa; x 18,000, from King and Tibbits (1969) 



Chapter 8 

Haemochorial Placentation: Mouse, 
Rabbit, Man, Apes, Monkeys 


8.1 Introduction 

The epitheliochorial-synepitheliochorial-endotheliochorial sequence represents a 
gradual loss of interhaemal layers. The haemochorial is an apposite end to such a 
sequence; with the loss of all the maternal tissue, maternal blood irrigates the chori¬ 
oallantoic fetal trophectoderm directly (Fig. 1.5). 

Previous suggestions that in some species the fetal trophectoderm is also lost have 
not been substantiated by subsequent EM studies. The trophectoderm may be very 
thin but no placenta yet accurately described lacks a trophectoderm or its derivative 
as a barrier for the maternal blood, although pores in the trophectoderm have been 
reported (King 1992). Depending on the species the trophectoderm may have one, 
two, or three layers, each of which may be cellular or syncytial. The species-specific 
pattern is established soon after implantation and is maintained to term. 

Fetal placental tissue is usually aggregated in a discrete area, discoid or limited 
zonary, they are all ‘compact’ placentas. The structure of the paraplacental area var¬ 
ies, with the yolk sac placenta playing an important role throughout pregnancy in 
rodents, lagomorphs and insectivores (Figs. 1.2 and 1.3) but probably only in early 
pregnancy in primates. No areolar development has been reported; the glands are 
now thought to play an important role in the first third of human pregnancy, in other 
species their secretions are probably significant only very early in pregnancy. 

Typically only the species with haemochorial placentation induce decidual 
tissue transformation in the endometrium prior to placental formation. It is this 
newly expanded and decidualised tissue that is invaded and eroded to produce the 
definitive placenta which is 99% fetal tissue. The variation in decidualisation is 
enormous, with massive amounts in the rodent, moderate in the human and negli¬ 
gible initially in the rhesus monkey, where the placenta forms above the plane of 
implantation, once the maternal blood supply has been accessed. 

It must be emphasized that, although most maternal tissue is lost in deeply inva¬ 
sive types, major maternal arterial channels persist throughout pregnancy through 
the full depth of the placenta in most haemochorial placentas, supplying fully oxy¬ 
genated maternal blood direct to the fetal surface (subchorial lakes) of the placenta. 
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Usually several channels persist (rabbit, see below), sometimes only one [in the 
insectivorean elephant shrew (Starck 1949)] (Fig. 8.1). 

The most notable exceptions to this are man, apes and the Old World monkeys 
where blood spurts up into fetal villi from below from arterial openings in the basal 
plate. 
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Haemochorial placentas are rather more varied in gross architecture than previ¬ 
ous types with villous or labyrinthine structure and a variable but specific number 
of up to three interhaemal layers (see Chap. 8.6 and the excellent diagrams in 
Bhiwgade 1990; Enders et al. 1998). 

As examples of the type with haemotrichorial structure the rat and mouse will 
be discussed in detail with rabbit (labyrinthine,haemodichorial) and man (villous; 
haemomonochorial), for comparison. Monkeys and other anthropoids, bats and 
other haemochorial examples are also briefly reviewed. 


8.2 Haemotrichorial: Mouse, Mus musculus; 
Rat, Rattus norvegicus 


Oestrous cycle: 4-7 day/s 
Ovulation: spontaneous 
Uterus: duplex 
Litter: 8-9 

Gestation: 19 day/s (mouse) 22 days (rat) 

Implantation: interstitial 
Amniogenesis: cavitation 

Yolk sac: Initial bilaminar yolk sac which is the main conduit for nutrients for the first 
half of pregnancy but ruptures and disappears by late pregnancy. No vascularised 
antimesometrial choriovitelline placenta formed. The completely or incompletely 
inverted well-vascularized villous mesometrial (splanchnopleuric) half of the yolk sac 
placenta transports the nutrients diffusing in across the bilaminar yolk sac. The splanch¬ 
nopleuric sac persists until term (Fig. 1.2). 

Chorioallantois: Forms definitive placenta, vascularized by a solid allantoic 
mesenchymal bud (Figs. 1.2 and 8.3). The allantoic sac is vestigial or absent. 

Shape: discoid, labyrinthine structure. 

Decidua: extensive development throughout pregnancy in the endometrium 
around the conceptus (see Fig. 1.9). 

Interhaemal membrane: haemotrichorial, two syncytia next to the fetal tissue and 
a cellular layer lining the maternal blood space. The fetal blood vessels probably have 
a villous organisation, the maternal blood space is labyrinthine (see below). 

Accessory placental structure: completely inverted yolk sac. 


8.2.1 Fetal Membranes and Placental 
Development in Mouse and Rat 

In these rodents the blastocysts reach the uterine lumen on 3^4 dpc, and can go into 
embryonic diapause if the ovarian estrogen secretion required on 4dpc for implanta¬ 
tion is blocked, for example by a suckling stimulus (Fopes et al. 2004). Given the 
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estrogen stimulus, the blastocyst will implant after prostaglandin induced uterine con¬ 
tractions, influenced by the individual blastocysts, have ensured an even spacing 
(Hama et al. 2007). Closure of the uterine lumen then immobilizes the blastocysts and 
ensures an intimate apposition between blastocyst and uterine epithelium (Enders et al. 
1980). This involves specific changes in several transmembrane proteins (for example: 
osteopontin, White et al. 2006; HBEGF, Das et al. 1997) and glycocalyx carbohydrate 
expression (Kimber and Lindenberg 1990; DeSouza et al. 1999) probably controlled 
in part by LIF (Kimber 2005) and requiring 9CBP or 28CBP in the uterine epithelium 
(Luu et al. 2004). There is no appreciable swelling of the blastocyst prior to closure, 
and the blastocyst invariably implants at the antimesometrial side of the uterine lumen, 
with the embryonic disc mesometrial (Amoroso 1952; Kaufmann 1983). 

Cellular interactions start at 5 dpc with trophectodermal penetration between and 
phagocytosis of some uterine epithelial cells (Fig. 8.2) (Bevilacqua and Abrahamsohn 
1988) followed by complete death and delamination of the whole uterine epithe¬ 
lium (Enders et al. 1980; Schlafke et al. 1985; Blankenship et al. 1992 (hamster); 
Welsh and Enders 1991a; Blankenship and Given 1992). 

At this stage the blastocyst is bilaminar but mesoderm is starting to form at the 
edge of the mesometrial embryonic rudiment underneath the trophectodermal cells 



Fig. 8.2 Hemochorial placentation. Early displacement implantation in the mouse. A trophecto- 
derm cell (T) containing several lysosomes (arrowheads) has completely penetrated through to the 
basement membrane (arrows) of the uterine epithelium. It is phagocytosing one uterine epithelial 
cell (U?) and undermining and delaminating the adjacent epithelial cells. No junctions are formed 
between trophoblast and uterine epithelial cells equivalent to those between uterine epithelial cells 
(white arrowheads). 5.5dpc; x3,450, from Kaufmann (1983) 
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surrounding the proamniotic cavity. Above the cavity, an aggregate of trophectoder- 
mal cells is produced, referred to as the ectoplacental cone. 

Also at this stage (6 dpc), the antimesometrial decidual cells form an avascular, 
closely packed zone around the conceptus, isolating it from maternal blood (Parr and 
Parr 1986; Parr et al. 1986) Synthesis of the tight junction proteins sealing the decidual 
cells together requires a trophoblast signal, since oil droplet deciduoma formation 
does not trigger such a zone (Wang et al. 2004). However there is no ultrastructural 
evidence for such tight junctions, only for gap and adherens junctions. 

The peripheral trophectoderm of the ectoplacental cone will differentiate into the 
polar or secondary giant cells which invade the uterine endometrium, by now consid¬ 
erably decidualized (Parr et al. 1986) (Fig. 1.9). Over the antimesometrial two-thirds 
of the blastocyst, away from the ectoplacental cone, the endodermal cells secrete 
material which thickens the basement membrane separating the endoderm from the 
mural trophectoderm. This has by now differentiated into the primary giant cells 
(Fatemi 1987; Mazariegos et al. 1987). This thickened basement membrane is then 
referred to as Reichert’s membrane (Fig. 1.9). As the blastocyst expands, the decidual 
exclusion zone regresses. This allows the mural or primary giant cells to rupture the 
maternal blood vessels and form lace-like extensions through which the blood circu¬ 
lates but does not penetrate past Reichert’s membrane (Kaufmann 1983; Welsh and 
Enders 1987). The endoderm and primary giant cells then form a non-vascularized 
bilaminar yolk sac placenta which is the only conduit for embryonic nutrients for the 
first half of pregnancy. As the blastocyst develops and increases in size, this bilaminar 
region maintains a similar structure but becomes ever thinner, eroding the decidua 
capsularis between the giant cells and the myometrium but finally completely ruptur¬ 
ing on 17-18dpc in the rat (term is 22-23dpc). This exposes the vascularized endo¬ 
dermal layer (referred to as the inverted visceral yolk sac placenta) to the reformed 
uterine epithelium which is completely restored by 15 dpc in the rat (Welsh and 
Enders 1983) (Figs. 1.3 and 1.9). Absorption of nutrients and maternal immunoglobu¬ 
lins across this yolk sac placenta throughout pregnancy is of considerable importance 
to embryonic growth and neonatal immunoregulation (Bainter 1986). 

After the initial differentiation of the primary giant cells the yolk sac is inverted 
below the embryo as it grows; above, the allantoic outgrowth from the fetus reaches 
the base of the ectoplacental cone on 8 dpc (mouse) and 10 dpc (rat) (Fig. 1.2). This 
has been beautifully demonstrated by SEM in the rat (Fig. 8.3) (Ellington 1985, 
1987). 

The cone appears to have three layers: basal or inner, outer and a shell of secondary 
giant cells invading the mesometrial decidua. As soon as the allantoic outgrowth 
reaches the bottom of the ectoplacental cone it erodes the mesothelium and spreads 
out into a mesodermal pad closely underlying the basal ectodermal layer of the 
cone. An excellent pictorial sequence of placental membrane and embryonic devel¬ 
opment can be found in Rugh (1975) which illustrates the growth of the labyrinth 
and spongiotrophoblast areas of the mouse chorioallantoic placenta (see Fig. 1.9). 

Recent molecular biological work, notably Cross’s group (Cross 2006), has elu¬ 
cidated some of the genes involved in growth of the fetal vasculature. Gcm-1, for 
example, at 9 dpc is only expressed in a pattern of small groups of basal ectoplacental 
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cone cells immediately above the mesodermal pad (Anson-Cartwright et al. 2000). 
These are the cells which are the initiators of the mouse fetal villi and transform 
into the three chorioallantoic placenta trophoblast layers covering the villi as they 
invade the expanded maternal blood sinusoids (Fig. 8.4). 

Gcm-1 KO mice do not form villi and die soon after lOdpc. The three layers express 
different molecular markers, are self-generating and rapidly proliferate, driven by the 
growth of the fetal blood vessels that the villi contain. At the tips of the elongating villi 
the outermost cellular layer is continuous with the spongiotrophoblast layer whose cells 
have replaced the endothelium of the maternal capillary sinusoids draining the maternal 
blood (Fig. 8.4). Outside the spongiotrophoblast the secondary giants face the mesome- 
trial decidua which has expanded enormously. The endometrial spiral arteries, after 
crossing the uterine muscle layers have elongated into this expansion and feed the dilated 
sinusoidal capillaries throughout the decidua (Welsh and Enders 1991b). This tissue 
expresses many remodelling enzymes and their modifiers (Reponen et al. 1995; Leco 
et al. 1996) and will be eroded by apoptosis and the secondary giant cells to provide 
space for placental growth. This growth is based on the elongation of the fetal villi below 
the spongiotrophoblast. Elegant corrosion cast studies of the vascular system of the 
developing mouse placenta (Adamson et al. 2002; Rennie et al. 2007) clearly show that 
the labyrinth consists of individual fetal capillary units each of which has a central arte¬ 
riole running to its tip before dividing into capillaries to drain the blood back to the 
embryo (Fig. 8.5). Initially each villus presumably consists of a single loop of allantoic 
arteriolar supply and venular drainage both enveloped by the three layers of trophoblast 
(Fig. 8.4). The vein then grows more slowly because the arteriole as it elongates is con¬ 
stantly proliferating a meshwork of trophoblast covered capillaries forming a capillary 
unit (see Fig. 8.5) as they drain back down to the vein. This growth pattern ensures that 
in the fetal capillary units blood always flows back (down) towards the fetus. 

Development of the trophoblast-enveloped fetal vasculature (Metz 1980 [rat]; 
Carpenter 1972, 1975 [hamster, which is also haemotrichorial]) depends upon a 
variety of growth factors. VEGF (Steingrimsson et al. 1998), IGF-2 (Sibley et al. 
2004) and PDGF (Ohlsson et al. 1999) have been implicated from knockout stud¬ 
ies. The fetal blood flow is always in the opposite direction to the maternal blood. 
The maternal blood is carried to a sinus around the bases of the fetal villi by 2-3 
persistent maternal arterial channels or conduits and then flows back to the mother 
through the expanding labyrinth region (Fig. 8.5d, e, g). These channels are devel¬ 
opments of the spiral arteries which have been invaded by trophoblast cells from 
the ectoplacental cone as early as 7.5 dpc in the mouse (Hemberger et al. 2003). At 
this stage they feed into the ectoplacental-cone-cell-surrounded dilated subepithelial 
-*- 

Fig. 8.3 Scanning electron micrographs of the rat conceptus after removal of the parietal yolk 
sac, all at the same magnification, dissected to show the internal membrane development, (a, b) 
Expansion of the exocelom (X) inverts the chorion (small arrow) which bounds the ectoplacental 
cavity to form a double layer of trophectoderm lined with mesoderm (large arrow) under the 
ectoplacental cone (Fig. 8.3a). This forms the basis for development of the allantochorionic pla¬ 
centa when vascularised by growth (Figs. 8.7c, d) of the solid mesodermal allantois ( arrowheads ) 
which originates from the hind end of the embryo here covered by the amnion (A), (a) 9.25 dpc; 
x220. (a) 9.25dpc; x220, (c) 9.75dpc; x220. (d) 10.25dpc; x220, from Ellington (1985, 1987) 
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Fig. 8.4 Placental development in multilayered hemochorial placentas 
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sinusoidal maternal vessels into which the fetal vasculature will grow. The channels 
will continue expansion and elongation up to 15dpc. The trophoblast cells replace 
the endothelium of the channels and spiral arteries and in the decidua erode the 
muscle sheath of the spiral arteries down as far as the myometrial layers in the 
mouse but much further in other species (Pijnenborg et al. 1981 (man); Carpenter 
1982 (hamster); Hees et al. 1987 (guinea pig); Vercruysse et al. 2006 [rat]). These 
vascular modifications are dependent upon uterine natural killer (uNK) cells as well 
as trophoblast cells, the uNK cells form cuffs around the vessels at 11 dpc and start 
to degenerate from 15 dpc (Croy et al. 2002, 2006). 

From the start of growth of the fetal vessels, fetal and maternal blood flows are 
separated by three layers of trophoblast, two syncytia derived from the inner ecto- 
placental cone layers and the outer cellular layer continuous with the spongiotro- 
phoblast cells. These are the basic interhaemal layers in the labyrinth through the 
rest of gestation and the usual nomenclature for this maternofetal ‘barrier’ is mater¬ 
nal blood/layer I/layer II/layer Ill/fetal endothelial basement membrane/fetal 
endothelium/fetal blood (Fig. 8.4). 

It has generally been considered that the individual capillaries in the capillary 
units (see above and Fig. 8.5a) of the fetal villi become confluent with one another 
as they increase in length forming the labyrinth at the expense of the mesometrial 
decidual tissue but there is no evidence for this from the 3D corrosion cast studies 
of the mouse fetal and maternal vascular systems (Fig. 8.5a; Adamson et al. 2002). 
The capillary units near term show no linkages (Fig. 8.5a). In vivo the capillary 
units are probably linked together by the outermost layer 1 of their enveloping tro¬ 
phoblast. The corrosion casts of the maternal blood space (Fig. 8.5d, e) show that 
it is labyrinthine. It is bounded only by the trophoblast layer I. and is clearly differ¬ 
ent architecturally from the individual fetal capillary units (Fig. 8.5a). 

The main maternal arterial channels run independently through the whole thick¬ 
ness of the placenta directly to the subchorial lake at the base of the fetal placenta, 
from where the maternal blood flows back through the labyrinthine network formed 
by the fetal capillary growth (Fig. 8.5). 

Growth of a haemotrichorial placenta like that of the rat or mouse presumably is 
based upon small groups or individual mitotically active cells within the main attenu¬ 
ated layers (I, II and III) which separate fetal and maternal blood. Layers II and III are 
in fact syncytial from the earliest stage and. as no nuclear division has yet been 
reported in such syncytia, some system for growth and extension of the layers is nec¬ 
essary (Davies and Glasser 1968; Metz 1980). However the initial rapid proliferation 
of the layers probably only lasts until ~13 dpc and the subsequent fourfold to fivefold 
expansion in the area of the trophoblast depends upon thinning and expansion of the 
cytoplasm of the layers (Cross 2007 personal communication). Layers II and III are 
very closely apposed and connected by numerous gap junctions (Metz et al. 1976) one 
function of which is probably to facilitate maternofetal glucose transport (Shin et al. 
1997). The combined layers form a complete barrier to tracers introduced into mater¬ 
nal (Metz et al. 1978) or fetal (Aoki et al. 1978) circulations. The outermost layer (I) 
is cellular and fenestrated, and forms no barrier to tracers added to the maternal circu¬ 
lation. Enders (1965) has suggested that this layer I functions by slowing the maternal 
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blood flow and forming local regions of blood stasis behind the fenestrations which 
facilitate fetomaternal transport. There may be special difficulties in fetal uptake from 
maternal blood which are alleviated by such a slowing of the flow. Clearly a balance 
is needed between rapid flow to maintain solute concentrations and efficient capture 
of the substrates by the membrane transporters in the plasmalemma. 

Morphometric studies in the mouse (Coan et al. 2004) show an increase in the 
volume of the labyrinth up to 18.5 dpc, with the fetal capillaries increasing in length 
and surface area but decreasing in diameter. The volume and surface area of the 
maternal blood space also increase rapidly between 14.5 and 16.5 and then stay 
fairly constant. However the spongiotrophoblast zone shows a 15% decrease in 
volume at 18.5 dpc from a peak at 16.5 dpc, due to migration of the glycogen cells 
(see below). The maternofetal ‘diffusion barrier’ decreases from 12.5 to 5 pm 
between 11 and 18.5 dpc increasing the theoretical diffusing capacity. 

The ultrastructure of the maternofetal barrier changes little during the thinning of 
the layers during pregnancy except for a significant increase in the size and DNA 
content restricted to the nuclei of the trophoblast layer 1 cells (Coan et al. 2005). 
These cells have recently been shown to be one of the four classes of polyploid tro¬ 
phoblast giant cells characterised by their different location and functions in the 
mouse placenta (Whitely et al. 2002; Simmons et al. 2007). Parietal giant cells 
(PTGC) are the primary and secondary giant cells discussed above, spiral artery 
giants (SpaTGC) are the cells which invade the spiral arteries from an early stage, 
maternal arterial canal giants (CTGC) are the cells lining the conduits/channels 
through the labyrinth and the cells of layer I (STGC) are the final category. Each 
class produces a different range of Prolactin or Placental lactogen isoforms or para- 
logs (Hemberger et al. 2003; Ain et al. 2003) and placental specific cathepsins 
(Simmons et al. 2007) at different stages of pregnancy. Rat and mouse Parietal giant 
cells also contain 3(3hydroxysteroiddehydrogenase activity indicating that they pro¬ 
duce steroids (Deane et al. 1962). Whether other rodents have the same variety of 
giant cells remains to be investigated. Certainly Hamster primary and secondary 
parietal placental giant cells at 12 dpc (term 16dpc) have been shown to contain 

<4 - 

Fig. 8.5 Hemochorial placentation. Corrosion casts of mouse placental vasculature at 17.5dpc 
(term 18.5 dpc). Blood flow directions are indicated by the arrows, (a) Complete filling of arterial 
(a) and venous (v) vessels from the umbilical artery. The capillary units (CU) drain into the veins 
(v). The capillary units link artery to vein but this is not obvious on this micrograph because the 
capillary meshes in the labyrinth zone (L) hide the course of the arteries. The arterial course can 
be clearly seen on (b), where the vasculature was filled from the umbilical artery only to the start 
of the capillary units (CU), demonstrating that the fetal arteries deliver blood directly the tips of 
the capillary units in the labyrinth. From this point the blood would flow back down the capillary 
meshwork and link to a vein as in (a), (c) Fetal venous vasculature filled from the umbilical vein 
only as far as the bases of the incompletely filled capillary units ( asterisks ). The pattern of venous 
outflow (e.g. v*) is very similar to that shown at v* in (a), (d) Maternal spiral arteries ( arrowhead ) 
filled from a uterine artery and supplying a placental arterial conduit (C). This delivers blood to 
the base of the fetal placenta and from there back down through the initial labyrinthine drainage 
channels (L), (e) Maternal venous spongiotrophoblast drainage channels (S) and basal labyrinth 
(L) filled from the uterine vein. (f,g) Schematic reconstruction of the fetal and maternal blood 
flows. All modified from Adamson et al. (2002) 
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Placental lactogen II and relaxin, as did large cells in the wall of their mesometrial 
arteries (Renegar et al. 1990). 

A further specific population of non-giant but migratory trophoblast cells have 
been identified in the mouse and rat - the Glycogen Cells (GC). These are first rec¬ 
ognisable as small islands of small cells in the spongiotrophoblast layer with appreci¬ 
able amounts of glycogen (Vercruysse et al. 2006). as well as other specific markers 
(protocadherin, Bouillot et al. 2006; connexin 31, Coan et al. 2006).They increase in 
number 80 fold between 12.5 and 16.5 dpc and migrate interstitially in increasing 
numbers from 11 dpc into the decidua as deep as the myometrium. They form exten¬ 
sive cuffs around, but not in, the decidual spiral arteries (Ain et al. 2003) after these 
arteries have been remodelled and widened by the spiral artery endovascular giant 
cells and uNK cells. As they migrate, the decidual uterine NK cells coincidentally (?) 
are decreasing in numbers and in uNK KO mice the GC cell migration is considerably 
greater (Ain et al. 2003). The GCs vacuolate and lose or release their glycogen 
between 17 and 18 dpc and this glycogen is suggested to be an important source of 
nutrient for the fetus (Bouillot et al. 2006) presumably via the spiral arterial inflow. 
Whether the GCs play an essential role in pregnancy has yet to be established. 

The Parietal secondary TGC become very large with a characteristically enor¬ 
mous, deeply divided nucleus, of variable but usually very high DNA content (up to 
1,024 N) whereas the other TGC all show the same moderate polyploidy (Simmons 
et al. 2007). As the embryo grows the giant cells become stretched, and some of the 
secondaries are replaced by cell division in the underlying spongiotropholast tissue 
(Ilgren 1983; Kaufmann 1983). These secondary giant cells are rarely as large as the 
primaries and grade into the diploid cells of the spongiotrophoblast layer which form 
a meshwork through which the maternal blood flows. Unlike the adjacent labyrin¬ 
thine layer there is no fetal vascularization and the trophospongium has a fine struc¬ 
ture very different from the giant cells, but both are of the layer I population. 

Layers II and III are dependent on the fetus for continued growth and mainte¬ 
nance, since fetectomy at 12 dpc results in their rapid degeneration together with 
the fetal villi. However, layer I continues to growth after fetectomy as a residual 
meshwork in which the maternal blood circulates (Davies and Glasser 1968). 


8.3 Haemodichorial: Rabbit, Oryctolagus cuniculus 


Oestrous cycle: none 
Ovulation: on coital stimulation 
Uterus: duplex 

Litter: 8-12 gestation: 30-32 days 
Implantation: superficial, antimesometrial 
Amniogenesis: folding 

Yoik sac: (1) Large bilaminar non-vascular yolk sac persists until 16 dpc, then finally 
ruptures. Consists of giant trophectoderm cells, a basement membrane (much thin¬ 
ner than the equivalent Reichert’s membrane in the rodents) and endoderm. 
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(2) Inverted yolk sac placenta, vascularized villus folds adjacent to embryo. Active 
in uptake of macromolecules, especially immunoglobulins, during pregnancy. 

Chorioallantois: definitive placenta vascularized by mesoderm of allantoic sac 
Shape: discoid, labyrinthine internal structure 
Decidual development: considerable 
Interhaemal membrane: haemodichorial 


8.3.1 Fetal Membranes and Placental Development in Rabbit 

The early conceptus development is very different from the rodents, but differentiation 
of the yolk sac and chorioallantoic placenta is essentially similar (Amoroso 1952). 

There is considerable blastocyst swelling prior to central implantation between 
7 and 8dpc (Fig. 8.6a) 

Even spacing of blastocysts is achieved by the usual uterine muscle contractions 
refined eventually by interaction with the expanded 4-5 mm diameter blastocysts. 
Sea urchin eggs introduced into the pseudopregnant uterus are also evenly distrib¬ 
uted although they are much smaller than the rabbit blastocyst (Boving 1971). 

Changes in the uterine epithelial glycocalyx at implantation are detailed in 
Anderson and Hoffman (1984) and Anderson et al. (1986).The EGF family and its 
receptors are expressed in trophoblast and uterine epithelia and are closely involved in 
the implantation process (Klonisch et al. 2001). The zona pellucida has broken down 
and been replaced by an acellular capsule around the expanded blastocyst as in the 
horse (see Sect. 5.3.1). The trophectoderm forms knobs of syncytium which penetrate 
through the capsule and contact the uterine epithelium. The first cellular changes at 
implantation (Fig. 2.2) are fusion between the knobs and the cellular uterine epithe¬ 
lium. initially at the antimesometrial side and subsequently over the mesometrial side 
(where the chorioallantoic placenta eventually forms) (Larsen 1961; Enders and 
Schlafke 1971a). The uterine epithelium then fuses into syncytial plaques, each with a 
fairly constant number of nuclei and characteristic ultrastructure. This change also 
occurs in pseudopregnancy and can be induced with the correct hormonal regimen 
with no conceptus present (Davies and Hoffman 1975; Davies and Davenport 1979). 

Over the antimesometrial half of the uterus the fetomaternal hybrid syncytiotro- 
phoblast displaces the uterine epithelial syncytial plaques which degenerate into 
symplasmic masses which are eventually sloughed and removed by phagocytosis. 
In the absence of a blastocyst or physical trauma the syncytial plaques disappear in 
a much more controlled fashion. Reversion of individual multinucleate cytoplasmic 
areas to single uninucleate cells has been claimed (Busch et al. 1986). However, 
restoration of the uninucleate epithelium seems more likely to be by proliferation 
of residual uninucleates as in ruminant intercotyledonary areas. 

The number of fetal nuclei incorporated into the maternal syncytiotrophoblastic 
knobs is not known, nor is their fate. Larsen (1961) says they ‘dissolve’ but offers 
no pictorial evidence for this. The (feto?)matemal syncytiotrophoblastic knobs which 


198 


8 Haemochorial Placentation: Mouse, Rabbit, Man, Apes, Monkeys 



omphalopleur 
(yolk sac wall) 


8dpc 

endometrial 
(placental) 
fold 


uterine 

lumen 




remnant of 
bilaminar 
omphalopleur 
(parietal yolk sac) 


allantoic vessel 
placental 


vascularlsed 

inverted 

visceral yolk sac 
(trilaminar) 


8.3 Haemodichorial: Rabbit, Oryctolagus cuniculus 


199 


penetrate the antimesometrial uterine epithelium basement membrane seem to be directly 
involved (Blackburn et al. 1989) in the production of the uninucleate giant cells which 
form all round the lateral and antimesometrial aspects of the conceptus (Amoroso 1952). 
Yolk sac development, with an antimesometrial bilaminar segment which ruptures at 
16dpc, leaving a fully inverted yolk sac placenta, is essentially similar to the rodents. 

At the mesometrial pole once the amniotic folds have fused, the trophectoderm 
over the embryo invades and displaces the uterine epithelial syncytial plaques over 
the two main endometrial folds (Fig. 8.6a) and subsequently penetrates the maternal 
endothelium as it did over the antimesometrial region (Hoffman et al. 1990a,b). The 
invading fetal tissue does not form any structure equivalent to the ectoplacental 
cone in rodents but presents a broad syncytial front toward the folds of decidualiz- 
ing maternal tissue, backed by and presumably formed from the cellular cytotro- 
phoblast (Fig. 8.6a). Thus, as soon as the fetal processes reach the maternal blood 
spaces they have the haemodichorial structure; maternal blood, fetal layer I syncy¬ 
tial, layer II cellular, fetal endothelium which characterizes the definitive placenta 
(Fig. 8.7; Enders 1965; Enders and Schlafke 1971a). The allantoic vesicle has by 
now (9 dpc) reached the mesometrial trophectoderm and it then actively vascular¬ 
izes the extending front of fetal tissue. As in the rodents the larger arteries are 
invaded by trophectoderm (Pijnenborg et al. 1981) but persist as channels running 
through the full depth of the forming labyrinthine haemodichorial placenta to sup¬ 
ply maternal blood to the subchorial lake at the base of the fetal placenta (Fig. 8.1) 
(Hafez and Tsutsumi 1966; Carter et al. 1971). From here it flows in the newly 
formed fetal tissue channels and drains via maternal veins. Considering the final 
dimensions, the placenta must grow by extension of the fetal tissue just as much as 
by erosion of the endometrium (Fig. 8.6). 

The definitive placenta of the rabbit has fewer fetal giant cells (Fig. 8.8) between 
the mesometrial decidua and the syncytial spongiotrophoblast than the rodents, 
and there is no evidence for any placental lactogen production. However granules 
in the syncytium have been shown to contain the hormone relaxin (Lee et al. 1995). 
The haemodichorial interhaemal membrane persists but thins gradually to term 
(Fig. 8.7, Samuel et al. 1975). 

Glucose transporter 1 is present in trophoblast fractions (Kevorkova et al. 
2007) but no localization has been shown as yet. Layer II is normally much thin¬ 
ner than I, but both vary considerably (Fig. 8.7) and can be equally thin (Fig. 8.7c). 

- 

Fig. 8.6 Hemochorial placenta of the rabbit, (a) The blastocyst swells considerably before implan¬ 
tation and implants mesometrially on the two largest decidualised endometrial folds, (b) The two 
cotyledons of the chorioallantoic placenta increase considerably in extent during pregnancy (all at 
same magnification), (c) Early development of the two placental cotyledons; the histological struc¬ 
ture of this 12 dpc placenta (term 30-32 day/s) is shown in (d). The fetal villi (F) and the maternal 
blood sinuses they enclose (W) increase in length continuously so that invasion of the maternal 
endometrium only accounts for a small proportion of total final depth of the placenta. Note the 
symplasmic remnant (Y) of a gland in the junctional zone, (a) 8 dpc, x7. (b) traced from Hafez and 
Tsutsumi (1966), the numbers indicate dpc, term ~31dpc. (c) 12dpc, x6.5 (d) 12dpc, x60 
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Fig. 8.7 Hemodichorial rabbit placenta, (a) Definitive labyrinth structure. The maternal blood 
space (M) is bounded by two layers of trophectoderm (Tl, T2) each of which show nuclei (N1, 
N2), Tl is a syncytium, T2 unicellular. Tl has far more rough endoplasmic reticulum (asterisks) 
than T2 which is considerably thinner. Fetal blood capillaries, F; fetal pericyte, P. (b) There are 
frequent gap (open arrow) and small desmosomal (small arrow) junctions between layers 1 and 
2. (c) Although layer 2 is usually thinner both layers frequently reduce to an equivalent exiguous 
extent, (a) 22dpc, x4,000, (b) 22dpc; x35,000. (c) 22dpc; xl5,000 


They are frequently connected by small desmosomes and gap junctions (Fig. 
8.7b). The structure of the spongiotrophoblast is syncytial and continuous with 
layer I of the labyrinth but with quite different ultrastructure to that in the adja¬ 
cent giant cells (Fig. 8.8). 
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Fig. 8.8 Hemodichorial rabbit placenta. The fine structure of the labyrinthine layer T1 on Fig. 81 
is similar to that in the syncytial spongiotrophoblast (S) shown here with massive arrays of endo¬ 
plasmic reticulum (asterisk). The giant cells (G) have a very different ultrastructure with larger 
and more numerous mitochondria ( arrowheads ) many golgi bodies ( arrows ) and scattered indi¬ 
vidual strands of endoplasmic reticulum. M maternal blood space 
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Since the maternal blood flows back from the fetal subchorial lake and the fetal 
from the opposite maternal side of the placenta, the flows are grossly countercurrent. 

Just before parturition (28dpc) a discrete thin lamina of uninucleate decidual 
cells forms on the myometrial side of the decidua basalis (Mossman 1987). This 
forms the zone of separation of the placental stalk, which is considerably narrowed 
at parturition. These two processes, together with contraction of the myometrium, 
reduce the placental scar to minimum dimensions (Amoroso 1952). The myometrial 
contractions are considerably enhanced at this time by the increase in frequency of 
gap junctions between individual smooth muscle cells (Cole and Garfield 1989). 


8.4 Haemomonochorial: Human, Homo sapiens 


Menstrual cycle: 28 days 
Ovulation: spontaneous 
Uterus: simplex 
Litter: 1-3 

Implantation: interstitial, antimesometrial 
Gestation: 270 days 
Amnio gene sis: cavitation 

Yolk sac: The endoderm develops in an unusual manner and initially forms a lat¬ 
ticework in the lumen of the blastocyst, only secondarily forming a sac (Luckett 
1978). The secondary yolk sac never makes contact with the chorion, but may be 
involved in uptake from the exocoelomic fluid in the first few weeks of pregnancy 
(see below). It degenerates and disappears by 12 weeks (Fig. 1.2). 

Chorioallantois: this forms the definitive placenta 
Shape: discoid 

Decidual development: considerable 
Interhaemal membrane: haemomonochorial 


8.4.1 Fetal Membranes and Placental Development in Human 

The morula enters the uterus on 4-5 dpc, transforms to a blastocyst, loses its zona 
pellucida and normally implants in the midline of the upper part of the anterior or 
posterior wall on 6dpc. It is not clear how it is so positioned, but it can remove the 
MUC1 glycoprotein locally (Meseguer et al. 2001), and other implantation-block¬ 
ing glycoproteins are downregulated generally (Gipson et al. 2008) at this receptive 
stage (see Chap. 2.1.2). Uterine closure ensures no significant further movement. 
Implantation occurs prior to any blastocyst swelling, the cellular trophectoderm 
produces a syncytial cap which rapidly intrudes through the uterine epithelium, and 
the whole blastocyst passes into the endometrium. The details of this process are 
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not fully understood (Fazleabas et al. 2004), but the uterine epithelium is re¬ 
established over the conceptus around 11 dpc. Once the conceptus is established in 
the endometrium (Figs. 8.9a, b) active proliferation of the cytotrophoblast provides 
the basis for rapid formation of the syncytiotrophoblast (Potgens et al. 2002). 

Nuclear division has never been reported in the human syncytiotrophoblast, but 
autoradiographic and morphological studies have demonstrated that the cytotro¬ 
phoblast is the precursor of the syncytiotrophoblast throughout pregnancy (Tedde 
and Tedde-Piras 1978; Kurman et al. 1984) and that ah the nuclei of the 
syncytiotrophoblast are diploid (Galton 1962). The control of cytotrophoblast pro¬ 
liferation is uncertain, but division is stimulated strongly by hypoxia both in vivo 
and in vitro (Fox 1964; Esterman et al. 1997). Epidermal Growth Factor is also a 
powerful mitogen when applied to very early placental explants in vitro (Maruo 
et al. 1992). The mechanisms underlying trophoblast fusion are not fully under¬ 
stood either, but the formation of gap junctions (Cronier et al. 2003), activation of 
the apoptotic cascade (Black et al. 2004), and expression of endogenous retroviral 
proteins (Frendo et al. 2003), in particular the envelope protein of HERV-W or 
syncytin, have ah been implicated. The syncytiotrophoblast thickens all around the 
conceptus, and between 9 and 11 dpc lacunae fringed with microvilli develop 
within its bulk (Fig. 8.9). These are the forerunners of the intervillous space. The 
syncytiotrophoblast is actively invasive and soon breaches maternal capillaries in 
the superficial endometrium, allowing maternal blood into the lacunae (Fig. 8.9c) 
(Boyd and Hamilton 1970; Enders 1989). 

By 12 dpc columns of cytotrophoblast cells proliferate into the syncytial trabecu¬ 
lae separating the lacunae to initiate fetal villous development over the whole con¬ 
ceptus (Fig. 8.9d). When they reach the endometrium, beginning at 14dpc, the 
cytotrophoblast cells spread laterally and merge with neighbouring columns to 
establish the cytotrophoblastic shell at the materno-fetal interface (Fig. 8.9d). 
The allantoic vesicle is rudimentary in the human but there is vigorous growth of 
allantoic mesoderm, which penetrates between the primary yolk sac endoderm lin¬ 
ing the blastocystic cavity and the trophoblast outer layer (Fig. 1.2). Mesodermal 
cells derived from this layer also penetrate the cytotrophoblastic columns. With 
subsequent vascularisation of the mesodermal cores the rudiments of the fetal villi 
are established. Repeated branching throughout pregnancy leads to elaboration of 
the villous trees, projecting into the intervillous space. 

The cytotrophoblastic shell initially represents the outer limits of the conceptus, 
but soon cells migrate from its outer surface into the endometrium. As they play no 
direct role in the development of the villous trees these are referred to as extravil- 
lous cytotrophoblast cells. They can be further sub-divided into interstitial cells that 
migrate through the endometrial stroma, and endovascular cells that migrate down 
the lumen of the maternal spiral arteries. Both populations are non-proliferative, 
probably because they become aneuploid (Weier et al. 2005). The cells are rich in 
glycogen, and express an unusual combination of HLA-C, HLA-G and HLA-E 
molecules (Moffett-King 2002; Chap. 9.1). In normal pregnancies the interstitial 
cellular invasion extends into the myometrium and disrupts the muscle sheath of the 
myometrial spiral arteries before the endovascular EVT arrives there to erode the 
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Fig. 8.9 Hemochorial placenta in man. Early stages of development, all at the same magnification, 
(a) The blastocyst passes through the uterine epithelium (a, b, arrowheads ) and (b) establishes itself 
in the endometrium, (b, c) The syncytiotrophoblast (S) forms the initial boundary around the 
conceptus but (d) with the fonnation of the chorionic villi all round the periphery a cellular cytotro- 
phoblastic shell ( asterisks ) develops around the conceptus and facilitates further villus growth (a) 7 
V 2 dpc, x55. (b) 9 V 2 dpc, x55. (c) 12dpc, x55. (d) 14dpc, x55, from Boyd and Hamilton (1970) 
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Fig. 8.10 Hemochorial placenta in man. (a) The chorionic villi increase in length and degree of 
branching ( asterisks ) as pregnancy progresses. The villi insert into the cytotrophoblastic shell 
(i arrows ) above a zone of decidual cells (white arrowheads ). The endometrial glands (bottom third 
of figure) are eroded and distorted by the growth of the placental disc but they still appear to be 
actively secreting material. C chorionic plate, (b, c) Halved conceptuses (c still in its uterus) illus¬ 
trate the reduction in trophectodermal villi from a uniform halo to a localised disc between 55 dpc 
and 80dpc. Note the vestigial yolk sac (arrow) in (b). (a) 25 dpc, xlO. (b) 55 dpc, x0.5. (c) 80dpc, 
x0.5. From Boyd and Hamilton (1970) 
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endothelium (Pijnenborg et al. 1981, 1983). The interstitial EVT eventually fuse to 
form multinucleate giant cells in the deep endometrium (Al-Lamki et al. 1999) and 
the inner myometrium. 

Interactions with maternal immune cells within the decidua, in particular the natu¬ 
ral killer cells, may play a role in limiting invasion (Moffett-King 2002; Chap. 9.1). 

Together, the extravillous trophoblast cells are associated with physiological 
conversion of the arteries, leading to loss of the smooth muscle cells within their 
walls and their replacement with fibrinoid material (Pijnenborg et al. 2006). 
The molecular mechanisms underlying this process are still uncertain, but endo¬ 
crine priming appears to be important (Brosens et al. 2002). There is also increasing 
evidence that interactions between HLA-C antigens expressed by the extravillous 
trophoblast cells and KIR receptors on the uterine natural killer cells plays a role 
through the release of cytokines and growth factors (see Chap. 9.1 and Moffett- 
King and Loke 2006; Hanna et al. 2006). The end result of conversion is that the 
spiral arteries lose their vasoreactivity, ensuring a constant blood supply to the pla¬ 
centa. In addition, their terminal segments dilate (Harris and Ramsey 1966), which 
will reduce both the rate and the pressure with which the maternal blood enters the 
intervillous space to levels optimal for placental exchange (Karimu and Burton 
1994; Moll 2003). Conversion of the arteries is not an all or nothing phenomenon, 
but failure to widen suficiently can result in too high a blood pressure inflow. This 
potentially can cause significant mechanical and shear force damage to the villi and 
this is associated with fetal growth restriction and other hypertensive complica¬ 
tions, such as preeclampsia (Kim et al. 2003; Ness and Sibai 2006). 

The presence of maternal erythrocytes within the syncytiotrophoblastic lacunae 
around 11 dpc was in the past taken as evidence of a maternal intraplacental circulation. 
However, it is now recognized that free communication between the spiral arteries and 
the intervillous space is not established until towards the end of the first trimester 
(Burton et al. 1999). Prior to this time the volume of the endovascular trophoblast inva¬ 
sion into the spiral arteries is sufficient to block the arterial openings into the intervil¬ 
lous space. In contrast, connections between the developing intervillous space and the 
maternal venous system are established soon after implantation is complete, allowing 
the possibility of some maternal venous ebb and flow within the placenta. At this early 
stage, the conceptus is supported by histiotrophic uptake by the villous syncytiotro- 
phoblast of secretions from the endometrial glands (25 dpc Fig. 8.10a, 32 dpc; Fig. 
8.11a) lying beneath the implantation site and opening through the basal plate into the 
intervillous space (Burton et al. 2002). By 42dpc (Fig. 8.1 lb) the glands have mostly 
collapsed, although remnants of glands that are still synthetically active can be 
observed embedded in the decidua basalis at term (Nelson et al. 1986). 

Growth factors and nutrients contained within the gland secretions potentially 
regulate placental cell proliferation and differentiation (Burton et al. 2007), but 
cannot reach the embryo quickly since the villous circulation is not functional dur¬ 
ing the first trimester. However growth factors and nutrients can be taken up and 
passed across the trophoblast of the chorionic plate and accumulate in the exocoe- 
lomic fluid (Jauniaux and Gulbis 2000). From there they may be transported to the 
fetus through uptake by the outer mesodermal layer of the yolk sac which is the 
first extra-embryonic membrane to be vascularised (Fig. 1.2) and fetal blood 
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circulation starts at about 21 dpc. This mesoderm layer possesses numerous micro¬ 
villi, coated pits and other morphological features of an absorptive epithelium 
(Jones 1997), and also expresses specific transporter proteins (Jauniaux et al. 
2004). The mesodermal cells transport nutrients and growth factors into the vitell¬ 
ine veins which drain directly to the fetal liver. In addition, the endodermal epithe¬ 
lium lining the yolk sac cavity synthesizes many proteins in common with the 
liver, such as a-fetoprotein (Gitlin and Perricelli 1970). Once the fetal chorioal¬ 
lantoic villus circulation is fully established at about 10 weeks of pregnancy the 
yolk sac rapidly regresses. 

As soon as the cytotrophoblast shell has formed around the conceptus (21 dpc) 
fibrinoid material develops between the decidua and the shell, and the shell and the 
intervillous space forming the ‘striae’ (layers) (Boyd and Hamilton 1970: Huppertz 
et al. 1996, 1998), ‘Rohr's stria’ forms the fetal surface of the basal plate (which 
consists of the cytotrophoblast shell) facing the intervillous space and interrupted 
by the anchoring villi. ‘Nitabuch’s stria’ lies on the decidual side of the basal plate 
where maternal and fetal cytotrophoblast cells come into contact. The former is 
composed of fibrin-type fibrinoid, and is most likely derived principally from 
maternal blood fibrinogen. By contrast, ‘Nitabuch’s stria contains more compo¬ 
nents of extracellular matrix origin, and is thus termed matrix-type fibrinoid. It is 
thought to be derived from both decidual cells and the extravillous trophoblast 
cells, which it frequently surrounds (Kisalus et al. 1987; Huppertz et al. 1996, 
1998). Various functions have been attributed to the fibrinoid deposits, with many 
authors favouring a role as a store of immobilized molecules with tissue remodel¬ 
ling or immunological potential (Huppertz et al. 1998). 

Initially, villi are formed over the entire surface of the chorionic sac, generating 
the chorion frondosum (Figs. 8.9d and 8.10b). By approximately 6 week/s of gesta¬ 
tion the villi over the superficial pole begin to regress, while those over the deep pole 
elongate and branch (Figs. 8.1 lb and 8.10c). It has recently been proposed that this 
pattern reflects the onset of the maternal arterial circulation of the placenta (Jauniaux 
et al. 2003). When onset begins towards the end of the first trimester it starts at the 
periphery of the implantation site, where extravillous trophoblast invasion, and 
hence plugging of the spiral arteries, is least. Onset is associated with a three-fold 
rise in oxygen concentration, and villi in the peripheral region display high levels of 
oxidative stress, a potent stimulator of apoptosis. Gradually, these villi become avas¬ 
cular and atrophic, and their syncytiotrophoblastic covering is lost. Finally, the cho¬ 
rionic and basal plates fuse over the superficial pole of the chorionic sac, trapping 
any villous remnants in a multilayered cellular membrane, the smooth chorion or 
chorion laeve. The remaining, definitive villi covering the embryonic pole continue 
to proliferate and form the discoid placenta (Fig. 8.11). Regression of early villi to 
form the definitive placenta is a phenomenon that appears to be unique to those spe¬ 
cies displaying interstital implantation, i.e. the human and great apes. Abnormalities 
in the process caused by local perturbations in the onset of maternal blood flow may 
cause excessive villous regression and hence abnormal placental shapes, or failure 
of regression and the formation of accessory (“succenturiate”) lobes. 

At approximately the same time the amniotic cavity enlarges to the extent that 
the amnion is brought into contact with the inner surface of the chorionic sac, 
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obliterating the exocoelomic cavity by around 13 week/s and forming the chorio- 
amniotic membrane (Fig. 8.12). 

With continual enlargement of the conceptus the endometrium overlying the 
implantation site, the decidua capsularis, bulges increasingly into the uterine 
lumen. During the fifth month of gestation it comes into contact, and fuses with, 
that of the opposite wall, the decidua parietalis, thus obliterating the uterine lumen 
(see Fig. 8.12). From then on, the smooth chorion makes extensive contact with the 
decidua parietalis, and may function as a paraplacental area for exchange. However, 
as the smooth chorion is avascular, any exchange between the fetus and the decidua 
must occur through the amnio tic fluid. 

As with the other haemochorial placentas discussed above, it is clear that most 
of the villous elongation is due to expansion of the fetal tissue after the initial ero¬ 
sion of the maternal tissue has occurred, since a considerable thinning of endome¬ 
trial substance must also be caused by the stretching needed to accommodate the 
increase in conceptus size. Ultrasound measurements indicate that an endometrial 
thickness of approximately 8 mm is required for successful implantation (Basir 
et al. 2002), but this has reduced to approximately 1 mm by the end of the first tri¬ 
mester (Hempstock et al. 2004). Mossman (1987) has evidence that there is very 
little increase in thickness of the cytotrophoblast shell or the decidua from as early 
as 25 dpc to term, but the villi increase in length eightfold in that time. 

Differences in the extent of fetal erosion are thought to account for the shal¬ 
low ridges (septae) of maternal tissue that are covered with cytotrophoblast 
shell (Figs. 8.11c and 8.12). These delineate the lobes of the placenta, which 
incompletely subdivide the intervillous space into 10-40 compartments. Each 
compartment may contain one or more aggregates of fetal villi, termed lobules 
(Figs. 8.11c and 8.13). 

A lobule comprises a stem villus arising from the deep surface of the chorionic 
plate that then branches repeatedly to form a hollow cluster centered over the 
opening of a spiral artery. Angiographic studies indicate that maternal blood spurts 
as a ‘puff’ into each hollow lobule from a spiral arterial channel (Fig. 8.13c) and 
drains by venous exits at the sides and bases of the septa (Fig. 8.12) (Ramsey and 
Donner 1980). Regional differences in antioxidant enzyme activity indicate the 
presence of an oxygen gradient across each lobule (Hempstock et al. 2003), and this 


- 

Fig. 8.11 Hemochorial placenta in man. Development of the definitive placental disc, (a) The 
initially broad villi ( arrowheads ) are arranged evenly around the conceptus at 32 dpc and the basal 
uterine glands (G) are still extensive. At 42 dpc, (b) the villi are thinner and more frequent in the 
placental disc area, and have virtually crowded out the uterine glands basally, but are regressing 
outside the placental disc (arrows), (c) By 140dpc. the villi are much more extensive and closely 
packed. (This micrograph is only one quarter of the magnification of (a) and (b) ). Septa ( arrows ) 
are now obvious. They are continuous with the thin decidual layer ( arrowheads) which lies above 
the myometrium (M). The septa divide the placental disc into lobules or “cotyledons” (see Figs. 
8.15a, b). Open arrow, fetal blood vessel in chorionic plate, (a) 32dpc, x6. (b) 42dpc, x6. 
(c) 140dpc, xl.5, from Boyd and Hamilton (1970) 
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may account for changes in villous maturity and morphology between the centre 
and the periphery (Wigglesworth 1969; Schuhmann 1982; Critchley and Burton 
1987). Each lobule may therefore be considered to serve as individual materno-fetal 
exchange units equivalent to the cotyledons of a ruminant placenta (compare Figs. 
8.13 and 6.3). Given the three-dimensional branching pattern of the villous trees, it 
is likely that the relative directions of the maternal and fetal blood flows will vary 
from point to point around the villous surface. The overall result is multivillous 
(network) flow (Fig. 8.12) (Dantzer et al. 1988). 

An individual villus consists initially of a solid column of cytotrophoblast cells, 
but this is invaded by the allantoic mesodermal vasculature by 18dpc. The young 
stem villus has a cytotrophoblastic tip at its insertion into the cytotrophoblastic 
shell (Fig. 8.10a). Behind this, where the villus is bathed in maternal blood, the 
cytotrophoblast is covered by a continuous layer of syncytiotrophoblast. 

The villus elongates and branches, becoming tree-like, but usually retains at 
least one connection via an anchoring branch to the basal plate as well as its stem 
inserted into the chorionic plate (Figs. 8.10a and 8.13d) (Boyd and Hamilton 1970; 
Kaufmann 1981b; Burton 1987, 1990; Mossman 1987; Castellucci et al. 1990). 

There are three major levels of villus organization, stem, intermediate and ter¬ 
minal. Stem villi are the supporting and distributing framework, containing arterial 
and arteriolar vessels derived from the umbilical arteries. Morphometrically, as one 
moves down the villous tree there is a progressive loss of connective tissue, an 
increase in the volume occupied in the villous core by fetal blood vessels, and a 
decrease in thickness of the syncytiotrophoblast over the closely adjacent fetal ves¬ 
sels (Kaufmann et al. 1985) (Figs. 8.14 and 8.15). 

This reaches an extreme in the so-called ‘vasculosyncytial’ membrane in the 
terminal villi where the distance from the maternal to fetal blood is reduced to less 
than 3 pm over 40% of the total area of the terminal villus (Figs. 8.12, 8.14 and 
8.15; Kaufmann 1985; Mayhew et al. 1986) The underlying fetal capillary is often 
sinusoidally dilated (Fig. 8.14), slowing blood flow so that conditions are optimized 
for diffusional exchange. From an early stage the cytotrophoblast layer becomes 
discontinuous, although the ratio of cytotrophoblastic to syncytial nuclei remains 
constant at 1:9 throughout gestation (Simpson et al. 1992). The definitive placenta 
is therefore considered haemomonochorial, with only the syncytiotrophoblast 
forming a significant boundary layer (Fig. 8.15). For a review of human placental 
ultrastructure see Jones and Fox (1991). 

Formation of terminal villi occurs principally from 20 weeks of gestation onwards 
(Jackson et al. 1992), providing an exchange area of 12-14m 2 at term (Burton and 
Jauniaux 1995). It is thought to be driven by angiogenesis within the villous core 
(Kaufmann et al. 2004), although the transcription factor Gcml (Rossant and Cross 
2001) and signaling pathways involved in branching morphogenesis in other systems, 
such as the Fibroblast Growth Factor, Hepatocyte Growth Factor and wingless-related 
(Wnt) pathways have also been recently implicated. 

Since the fetal trophoblast is bathed in maternal blood there is no need for any 
specialized haemophagous zone, and iron is probably transported from the maternal 
blood using the transferrin binding protein (King 1976). There is no evidence for 
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Fig. 8.13 Hemochorial placenta of man. Vascular relationships, (a) Injection of the fetal circula¬ 
tion of a term placenta viewed from the fetal side. This illustrates the supply to individual lobules 
or cotyledons, (b) Latex casts of the fetal circulation (white) and of the maternal spiral arteries 
(black) of a term placenta viewed from the maternal side. One maternal spiral artery (arrows) 
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significant phagocytosis of red blood cells by the fetal syncytiotrophoblast. Human 
chorionic gonadotropin (hCG) and placental lactogen hormones are synthesized 
and stored in different granules in the syncytiotrophoblast (Fig. 8.16) (Johnson and 
Wooding 1988; Morrish et al. 1988; Billingsley and Wooding 1990), which also 
shows immunoreactivity for a,(3 and y interferons (Bulmer et al. 1990), corticoster¬ 
oid-releasing hormone (Riley et al. 1991), EGF (Hofmann et al. 1991) and IGF-1 
and -2 and their binding proteins (Zhou and Bondy 1992; Hill et al. 1993). 

The syncytium contains a wide variety of transporters for nutrient uptake, see 
Chap. 2. 

Unlike most animals, there is no fall in progesterone levels prior to parturition 
in man, nor is there any change in relaxin levels, which anyway are much lower 
than they were during the first 3 month/s of pregnancy (see Sherwood 1988, for an 
excellent review). Labour in man is also unusual in that it evolves gradually over a 
period of many days without an abrupt onset as in most species studied. Oxytocin 
is said to play no significant role until the second (expulsive) stage of labour, when 
it ensures retraction of the uterus and prevents excessive blood loss (Casey et al. 
1983). The trigger for human parturition remains controversial but may involve 
oestrogen precursor production from the fetal adrenal and prostaglandin secretion 
by amnion and the parietal chorion (Casey et al. 1983; Gibb and Challis 2002). 


8.5 Haemomonochorial: Other Anthropoids 
8.5.1 Apes and Old World Monkeys 

As far as they have been investigated the implantation, development and definitive 
placentation of man and the great apes (chimpanzees, gorillas, orangutans) are 
essentially similar (Enders 2008). The Old World monkeys (catarrhines) have a 
very different implantation and development, although the definitive structure of 
the placenta is almost indistinguishable at macroscopic and ultrastructural levels 
(Amoroso 1952; Ramsey 1982; King 1986). 


■* - 

Fig. 8.13 (continued) enters the centre of each lobule or cotyledon, (c) Section of a tenn placenta 
injected via the spiral arteries (S) with X-ray opaque medium. The injection fills a central area (I) 
in the two lobules or cotyledons (C) but is excluded from the zone immediately surrounding the 
injection by the densely packed villi. The presence of opaque medium in the intervillous space (V) 
shows that it was able to pass across the villi but not to leak back. From Wigglesworth (1969). (d) 
Hemochorial placenta of man. Stem villus dissected after trypsin digestion from a term placenta, 
the chorionic plate insertion was at the open arrow. Two or three of such villi would form one 
lobule or cotyledon. The finest “twigs” ( arrows ) correspond to the terminal villi shown on Fig. 
8.14. From Ramsey and Donner (1980) 
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Fig. 8.14 Hemochorial placenta of man. (a) Scanning electron micrograph of a corrosion cast of the 
blood capillary meshwork in the terminal villi, note the sinusoidal swellings at the ends of the villi 
(arrows), (b) Scanning electron micrograph of the surface of an intact perfused terminal villus 
emphasizing that the villus consists almost entirely of blood capillary volume, (c) Scanning electron 
micrograph of a cross fracture through a specimen similar to that in (b). Note the considerable size 
of the fetal capillary (fc) and the thin investment of syncytiotrophoblast (white arrowheads), (a) 
Term placenta; x200 (b) Term placenta; x400. (c) Term placenta; x 1,400, from Burton (1987) 
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Fig. 8.15 Hemochorial placenta of man. Transmission electron micrographs showing variation in 
local structure, (a) Over the fetal blood vessel (F) the syncytiotrophoblast layer (S) is extremely 
thin as is the basement membrane ( arrowheads). (b) Away from the capillaries the fetal syncytium 
is thicker, and in places the basal plasmalemma shows a complex folding (white asterisk) increas¬ 
ing the membrane area as does the microvillar elaboration (arrow) of the apical membrane. The 
basement membrane under the basal folds is considerably thickened ( arrowhead ) compared to that 
under the cytotrophoblast cell (C). M maternal blood space, (a) Term placenta, x9,000. (b) Term 
placenta; x7,500 
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Fig. 8.16 Hemochorial placenta of man. Micrographs of syncytiotrophoblast showing localisa¬ 
tion of hormone storage with immunogold techniques (a) hCG is found in large irregular shaped 
membrane bounded granules, (b) hPL in smaller more uniform sized granules. Material fixed in 
glutaraldehyde and osmium and araldite embedded, m mitochondria; arrowheads rough endoplas¬ 
mic reticulum, (a) First trimester placenta; x28,000. (b) Term placenta; x39,000 
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12dpc 


Fig. 8.17 Hemochorial placental development in Rhesus monkeys. The micrographs on Figs. 8.17 
and 8.18 are all at the same x50 magnification. The major differences with human are the superficial 
implantation (8.17a, b; arrow, conceptus) and development of epithelial plaque (asterisks in 8.17b 
and 8.18a) by local proliferation of the uterine epithelium. There is little evidence for decidualisation 
in the endometrium (E) in which the glands (G) appear active, (a) 9dpc, x50 (b) 12dpc, x50 


The best-studied Old World monkey is the macaque or rhesus, Macacus rhesus. 
Many details of the reproduction are identical to those for Human (Chap. 8.4) but 
the gestation is only 160 day/s, the placenta is bidiscoid, implantation is superficial 
and there is little stromal decidual development but a considerable proliferation of 
uterine epithelial plaque (Figs. 8.17 and 8.18 and see chap. 1.7.4.7) (Enders et al. 
1985, 2001). Plaque only persists for the first month of pregnancy and may be one 
reason for the limited invasion of the endometrium. It can also be produced by 
scratch trauma as a prelude to deciduoma formation in the macacque (Ghosh et al. 
2004) or by the infusion of hCG in the baboon (Jones and Fazleabas 2001). 

The invasive syncytiotrophoblast of the adherent blastocyst needs only to pene¬ 
trate into the superficial, greatly hypertrophied endometrial blood vessels to estab¬ 
lish a good blood supply (Fig. 8.18a) (Enders 1989; Enders and King 1991; Enders 
and Welsh 1993; Enders et al. 1996). However, as in man, the cytotrophoblast pro¬ 
liferation blocks the invaded vessels initially and maternal blood flow through the 
spiral arteries into the intervillous space surrounding the placental villi only 
becomes significant between 25 and 28 dpc. This is also true for the baboon (Enders 
and King 1991; Simpson et al. 1997; Enders 2007). Once this is accomplished 
extensive exclusively fetal villus growth can produce the definitive placenta (Fig. 
8.18e) with a villus structure equivalent to man (compare Figs. 8.10a and 8.18e). 

There is no need for any deeper invasion of the endometrium since the maternal 
blood supply is always at the base of the placenta, as in the human. Fetal cytotro¬ 
phoblast does invade the spiral arteries replacing the endothelium as far back as the 
myometrium but there is less erosion of the arterial elastic sheath than in man. This 
is probably because the rhesus cytotrophoblastic shell, although it does synthesize 
connective tissue components (Blankenship et al. 1992), is not at all invasive so 
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Fig. 8.18 Hemochorial placental development in Rhesus monkeys, (a, b) At 14dpc and 17dpc 
the superficial endometrial blood sinusoids (S) connect to the spaces within the syncytiotro- 
phoblast (at the arrows). Once the fetal cytotrophoblast and mesoderm have formed the initial 
broad villi (V), their subsequent growth is by lengthening and subdivision (b-e). There is little 
evidence for any significant further invasion of the endometrium (E). The cytotrophoblastic 
shell (X) which proliferates from the tips of the villi from ~20dpc (Fig. 8.18c) is particularly 
well demonstrated. C chorionic plate, G.06 endometrial gland, V placental villus, (a) 14dpc; 
x50. (b) 17dpc; x50. (c) 20dpc, x50. (d) 29dpc, x50. (e) 50dpc, x50. Figs. 8.17 and 8.18 from 
Wislocki and Streeter (1938) 
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Fig. 8.18 c-e (continued) 





220 


8 Haemochorial Placentation: Mouse, Rabbit, Man, Apes, Monkeys 


there are very few if any cytotrophoblast-derived cells in the endometrial connec¬ 
tive tissue to attack and erode the artery wall to the extent seen in man (Ramsey 
et al. 1976). However, as in man, there is a ‘dramatic’ influx of macrophages and 
uNKs into the endometrium. In macaque this occurs at the time (15dpc) when the 
cytotrophoblast is starting to invade (Blankenship and Enders 2003; Slukvin et al. 
2004), and macrophages may serve the role played by LGLs in man. There seems 
to be no simple relationship between epithelial plaque or decidua formation and the 
depth of implantation since the baboon has superficial implantation and little epi¬ 
thelial plaque or decidual development; the macaque has superficial implantation, 
extensive plaque and limited decidual development; and man has interstitial devel¬ 
opment, no epithelial plaque and massive decidualization (Ramsey et al. 1976). All 
primates are said to have ‘extensive decidua’ by mid-pregnancy (Enders 1991). 

Rhesus and the African green monkey Cercopithecus (Owiti et al. 1989) are 
good models for studying the functions of the definitive human placenta since the 
structures are closely similar. However, the Old World monkeys are poor models 
for events at implantation and in early pregnancy in humans because interstitial or 
superficial implantation with decidua or plaque development are such very different 
processes (Enders 1989). 


8.5.2 New World Monkeys 

There are two families: Cebidae, including howler, squirrel and spider monkeys; 
and Callithricidae, the marmosets. There are only isolated studies of the cebids and 
all prior to the advent of the electron microscope (Wislocki 1929, 1930; Hill 1932). 
Recently studies have concentrated on the marmoset (Callithrix jacchus) since it is 
relatively easy to maintain in breeding colonies (Moore et al. 1985; Merker et al. 
1987; Smith et al. 1987). 

There is no overt menstruation in New World monkeys which correlates with an 
absence of the typical spiral form of artery in the endometrium (Ramsey 1982). 
Cyclic proliferation and degeneration of the spiral arteries is thought to be the basis 
of the menstruation characteristic of other anthropoids (Ramsey 1982). 

Implantation is superficial, usually with considerable epithelial plaque forma¬ 
tion (Hill 1932) although there is very little in marmosets (Moore et al. 1985). 
The blastocyst trophoblast expresses Thioredoxin, an antioxidant essential for 
mouse implantation (Lopata et al. 2001). 

After attachment (ll-12dpc) the blastocyst cytotrophoblast produces syncytium 
which penetrates the uterine epithelium (Enders and Lopata 1999). Once the stroma is 
reached the cytotrophoblast proliferates to produce a thick pad of syncytiotrophoblast 
which surrounds but does not penetrate the superficial maternal capillaries (23dpc) 
(CA. Smith et al. 1987). By this time the epithelial plaque is regressing. 
The syncytiotrophoblast then develops lacunae within its bulk, but in the marmoset no 
maternal blood is observed within these spaces until 80dpc, halfway through preg¬ 
nancy, when the syncytiotrophoblast finally erodes the maternal endothelium. At this 
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stage the fetal mesoderm pushes into the trophoblast layers, forming vascularized 
trabeculae within the meshwork of syncytium (Smith and Moore 1990). The syncytio- 
trophoblast not only appears very similar ultrastructurally to that of other primates 
(Smith and Moore 1990; Enders and Lopata 1999) but also has equivalent C-type retro¬ 
virus particles budding from the syncytiotrophoblast basal plasmalemma opposite the 
cytotrophoblast cells. The cytotrophoblast layer becomes discontinuous very early, and 
these fetal trabeculae are bounded largely by syncytiotrophoblast. Further development 
of the placenta is controlled by the interplay of VEGF and other angiopoietins produced 
by the trophoblast and endothelial cells (Wulff et al. 2002) and results in the continual 
extension and subdivision of the trabeculae to form a complex meshwork bounded by 
syncytium. The trabeculae become more individual and more slender during later preg¬ 
nancy (Fig. 8.19) (Wislocki 1929, 1930; Amoroso 1952; Smith and Moore 1990). 

In the spider monkey, Ateles, the thickness of the placental pad does not increase 
significantly as the fetus grows from 50 to 180 mm (term) crown-rump length 
(Wislocki 1930). The process is not villus elongation but one of the continual sub¬ 
division of a coarse trabecular meshwork to a finer one with a considerably greater 
surface area for fetomaternal exchange. The New World monkeys thus achieve a 
structural basis for a significant blood circulation much more slowly than the Old 
World monkeys. Possibly in compensation for this, the New World monkeys show 
a massive uterine glandular activity throughout pregnancy (Wislocki 1929), 
whereas in the Old World monkeys, apes and man this is restricted to the first third 
of pregnancy. However the glucose transporter GT1 is highly expressed on apical 
and basal trophoblast membranes of the syncytium and fetal endothelium in mar¬ 
mosets and man (Hahn et al. 1995; Illsley 2000) and the gestation length and pla¬ 
cental weight for equivalent sized neonates is similar in the two groups; there is no 
evidence that one is more ‘efficient’ than the other, although the size and degree of 
fusion of the trabeculae or villi vary considerably (Fig. 8.19). 

The efficiency of the fetomaternal exchange in New World monkeys may also 
be influenced by the persistence, uniquely in anthropoids, of one or two wide 
maternal arterial channels per lobule which run right through the entire thickness of 
the placental disc and terminate just under the chorionic plate (Fig. 8.1). Presumably 
each channel is formed by modification of an original endometrial blood vessel 
which was surrounded by the initial syncytiotrophoblast proliferation. These chan¬ 
nels have occasional openings distributed apparently randomly along their walls 
and at their tips which are present from 45 dpc to term. The walls of the channels 
consist of a continuous sheet of cuboidal epithelial cells which could be of either 
fetal or maternal origin, certainly they do not express the GT1 transporter found on 
the trophoblast (Hahn et al. 1995) These cells secrete a thick basement membrane 
like material around the vessels, which persist to term (Wislocki 1930; Hill 1932; 
Gruenwald 1973; Merker et al. 1987; Smith and Moore 1990). 

These peculiar perforated maternal blood channels may indicate one possible 
route from the rodent-style narrow-meshed labyrinthine haemochorial placenta 
with a few maternal arterial channels supplying a subchorial lake directly to the 
widely spaced villous haemochorial placenta of man and the Old World monkeys 
with maternal blood supplied only from the basal plate (Fig. 8.1). 
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Fig. 8.19 Hemochorial placentation. Comparison of the size of the fetal trabeculae or villi in 
“mature placentae at approximately equivalent stages”. Description and plate from Wislocki (1929). 
Villi are individual; trabeculae are villi with interconnected cores forming a meshwork (or labyrinth), 
(a) Cynocephalus (Galaeopithecus), a Dennopteran probably most closely related to the Insectivores. 
The placenta consists of narrow interconnected trabeculae very similar to that of the new world 
monkey Ateles, shown in (b) at identical magnification. V, major fetal villi carrying blood directly 
to the maternal side, (c-f) All at the same magnification to show the range of placental architecture, 
(c) The new world monkey Alouatta has a placenta of narrow trabeculae (d) The old world Colobus 
monkey shows a mixture of villi and narrow trabeculae, (e) The old world Gibbon has larger villi 
with frequent syncytial, but not core, connections, (f) The anthropoid gorilla shows a completely free 
villous structure, as in Man. (a) Cyncocephalus , 84mm crown rump length; xl4 (b )Ateles, 187mm 
CR; xl4 (c) Alouatta, 130mm CR; x42 (d) Colobus, 143mm CR; x42 (e) Hylobates, 102mm CR; 
x42 (f) Gorilla, 89 mm CR; x42, from Wislocki (1929) 
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Yet again, as many times before in this review, the variety of structures evolved 
by the different groups far outstrips our ingenuity in justifying them in terms of 
placental function. 


8.6 Haemochorial Placentation: Variety of Interhaemal Layers 

All placentas so far examined seem to possess at least one persistent continuous troph- 
ectodermal layer as well as fetal endothelium to separate fetal and maternal circulations. 
The most efficient arrangement for matemofetal transport is for the maternal blood to 
circulate against the thinnest trophectodermal barrier compatible with immunological 
and other constraints. The most complete barrier is a syncytial sheet since there are no 
paracellular, non-selective routes possible: all molecules reaching the fetus can be 
screened for suitability by the trophectoderm. A haemomonosyncytiochorial structure 
of this sort is found in many different orders (Sect. 8.2), but despite its apparent advan¬ 
tages there exist also a remarkable variety of haemochorial trophectodermal organiza¬ 
tions with one, two or three layers, each of which may be syncytial or cellular. There is 
no evidence that nuclei in any vertebrate syncytium can divide. Evidence from human 
(Simpson et al. 1992) indicates that the ratio of cytotrophoblast to syncytiotrophoblast 
nuclei is constant throughout gestation. Cytotrophoblast division followed by fusion 
into the trophoblast syncytium is the normal means of increasing its bulk and therefore 
its potential area. Since a syncytium has considerable plasticity the cytotrophoblast 
inputs can be scattered, and no continuous cellular layer is necessary. However, some 
such input is essential if the fetomatemal exchange surface is to enlarge continuously to 
the enormous extent reported in the second half of pregnancy (Baur 1977) to support 
the fetal weight increase. In man the syncytiotrophoblast is produced initially from a 
continuous cytotrophoblast layer. This soon becomes discontinuous and the syncytium 
can differentiate locally to form the very thin vasculosyncytial membrane over fetal 
capillaries for example (Figs. 8.12 and 8.15). 

Cytotrophoblast cells persist and at term form an attenuated meshwork connected by 
thin processes covering about 40% of the basement membrane (Jones et al. 2008). 

They are still capable of cell division even after the placenta is shed at term. 

The characteristic mono-, di-, or trihaemochorial structure is established soon after 
implantation and, although the layers become thinner and the fetal capillaries indent 
the layers more deeply as pregnancy proceeds, there is no evidence for any structural 
simplification (tri- to di- to monochorial or the reverse) during development of any 
definitive placenta. At present little is known about the reasons for the many different 
patterns of layering found in haemochorial placentas. The more layers there are the 
more complete the spatial separation of functions can be. In a haemomonochorial 
placenta like that of man, numerous different proteins including hormones are syn¬ 
thesized and secreted independently (see Fig. 8.16) but all use the same subcellular 
machinery (Pattillo et al. 1983; Morrish et al. 1987). This must require a very com¬ 
plex hierarchy of controls which could be considerably simplified if several different 
types of cells are available, and there is good evidence for very different ultrastructure 
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in the different layers of the same placenta (King and Hastings 1977; Simmons et al. 
2007). Three layers obviously form a more complete barrier to invasion by maternal 
cells than one, and it is notable that haemomonochorial placentas always have a sub¬ 
stantial fetal endothelial cell layer, whereas haemotrichorial placentas frequently 
show fenestrated fetal capillaries. The reason for the variety of haemochorial struc¬ 
tures seems likely to lie in the multiplicity of functions served by the trophectoderm. 
With our present limited information we can only record the range and wonder. 


8.6.1 Haemomonochorial 

8.6.1.1 Cellular Trophoblast 

Myomorph rodents: Jaculus (desert jerboa) and Zapus (jumping mouse) At implan¬ 
tation the germinative cytotrophoblast (layer III) produces a layer of syncytiotro- 
phoblast (layer II), but both are very soon overgrown and disrupted by giant cells 
(layer I). These giant cells form the channels of the labyrinth in which the maternal 
blood circulates (Figs. 8.4 and 8.20). 

They are derived from cytotrophoblast cells at the edge of the placental disc 
(King and Mossman 1974; Mossman 1987). 

Hyracoidea: Procavia (rock hyrax) This order is thought to be related to the ele¬ 
phants on skeletal evidence, and both are classified in the superorder Afrotheria. 
The placental structures and their development are very different although the 
Elephantidae do have a monocellular trophoblast but an endotheliochorial structure 
(Wooding et al. 2005a,b). The hyrax cytotrophoblast produces a thick layer or ‘pad’ 
of cells replacing the upper layers of the endometrium in the implantation chamber 
(Sturgess 1948). By the time the fetus has reached a crown-rump (CR) length of 
12 mm (midgestation; Wislocki and Westhuysen 1940) this cellular layer is almost as 
thick as is the definitive placenta near term (50mm CR). The cellular layer of tro¬ 
phoblast transforms into a trabecular meshwork forming channels with cellular walls 
(Oduor-Okelo et al. 1983) through which the maternal blood drains back to the uter¬ 
ine veins (Fig. 8.20a). The blood is delivered to the fetal side of the placenta by per¬ 
sistent maternal arterial channels which pass right through the fetal cell layer. The 
fetal allantoic arterioles invade the cytotrophoblastic trabeculae as they develop, 
delivering fetal blood to the maternal side of the placenta, from whence it drains back 
through a capillary meshwork establishing a grossly countercurrent system of fetal 
and maternal blood flows. This developmental pattern is very similar to that described 
(Chap. 8.5.2) for the New World monkeys but they are haemomonosyncytiochorial. 


Fig. 8.20 Hemochorial placentation. Monochorial cellular trophectoderm in (a) Hyrax and (b) the 
rodent Zapus. The interhemal membrane is clearly cellular in both with apical tight junctions (arrows) 
obvious in these placentas. FC fetal capillary, MBS maternal blood space, T trophectoderm. (a) Hyrax, 
mid pregnancy; x6,000. (b) Zapus, late pregnancy; x8,000, from King and Mossman (1974) 
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Tenrecs: Newly classified in the superorder Afrotheria (Carter et al. 2004a), the 
Malagasy Tenrecs have a labyrinthine hemomonocellularchorial placenta that develops 
from an avascular cytotrophoblast pad which replaces the upper layers of the endometrium 
(Enders et al. 2007). This is very similar to the hyrax but the methods by which these 
‘pads’ transform into the definitive placenta (Carter et al. 2004b, 2005) are not clear. 

Bats: Most bats are haemochorial but two orders, Vespertilionidae and Molossidea, 
have genera (Miniopteris, Kimura and Uchida 1984; Tadarida, Stephens 1962, 1969) 
which initially support early embryonic development with a diffuse chorioallantoic 
endotheliodichorial placenta. However this becomes non functional by mid preg¬ 
nancy as it is replaced by growth of a separate discoid chorioallantoic hemochorial 
definitive placenta. This is based on invasive cytotrophoblast enveloping a local pro¬ 
liferation (‘tuft’) of maternal decidual blood vessels. The cytotrophoblast removes 
and replaces their endothelium and by rapid growth expands and elongates the origi¬ 
nal ‘tuft’ of maternal blood channels. Simultaneously solid cytotrophoblast rods grow 
from the blood channel walls into the connective tissue surrounding them. The rods 
fuse with others and canalize, forming capillary meshworks between the arterial 
inflow and venous outflow of the original ‘tuft’, now enormously extended. 
Simultaneously fetal blood vessels infiltrate the growing cytotrophoblast meshwork 
and vastly increase the fetomaternal exchange potential. 

These processes produce a labyrinth lined only with cellular cytotrophoblast 
(Fig. 1.8d) (Stephens and Cabral 1971, 1972; Badwaik and Rasweiler 2000). 

8.6.1.2 Syncytiotrophoblast 

A wide variety of orders have members with haemomonosyncytiochorial membranes in 
their definitive placentas: all anthropoids (Fig. 8.15); one carnivore, hyena (Fig. 1.8a) 
(Oduor-Okelo and Neaves 1982); two insectivores, cane rat and elephant shrew (Oduor- 
Okelo 1984a,b); several rodents such as marmots (Fig. 1.8b), chipmunk (Fig. 1.8c), 
squirrels (Mossman 1987), guinea pig (Figs. 1.6 and 1.7) (Kaufmann 1981b) chinchilla 
(King and Tibbitts 1976)and capybaras and agoutis (Miglino et al. 2004). This group also 
includes Armadillos (Dasypodidae; Enders 1982) anteaters (Myrmecophagidae; Becher 
1931; Walls 1938); and several bats (Bhiwgade 1990; Badwaik and Rasweiler 2000). 

Although nominally haemomonochorial in practice there are probably always 
cytotrophoblast cells scattered over the fetal side of the syncytiotrophoblast (Fig. 
8.15). These are necessary to support the vast increase in area by continual division 
and fusion into the syncytium, because there is no evidence that nuclei in vertebrate 
syncytia can divide. 

8.6.2 Haemodichorial 

There are two types. In the first, the cytotrophoblast which generates the syncytio¬ 
trophoblast persists as a continuous layer. The circulations are separated by fetal 
endothelium, cytotrophoblast and syncytiotrophoblast 
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This is characteristic of several orders of bats for example, Thyropteridae (Wimsatt 
and Enders 1980) (Fig. 8.21a), Vespertilionidae (Enders 1982) and Desmodontidae 
(Bjorkman and Wimsatt 1968). 

All these bats show a characteristic intrasyncytial lamina close to the syncytio- 
trophoblast apex (Fig. 8.21). 



Fig. 8.21 Hemodichorial bat placentae. The intra syncytial lamella ( asterisks ) in the apical syn- 
cytiotrophoblast (T) is much more uniform in thickness, texture and separation from the maternal 
blood (MBS) than those shown in Fig. 1.8. Compare the structure to that of the endotheliochorial 
placenta (cat) in Fig. 7.8a which is said to be characteristic of a few genera of bats. 
C cytotrophoblast, FC fetal capillary, G golgi body, N nucleus, M mesoderm cell (a) Thyroptera 
near term placenta; xl7,500, from Wimsatt and Enders (1980). (b) Myotis near term placenta; 
x22,000, from Enders (1982) 
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Fig. 8.22 Hemodichorial (??) placenta in Beaver, The maternal blood space is bounded by two 
layers, an outer cellular later (OC) and an inner syncytiotrophoblast layer (S) which includes an 
occasional, basal cytotrophoblast cell (C). It is not clear whether the outer cellular layer originates 
from the maternal endothelium or is trophectodermal. The cellular layer is flatly apposed to the 
syncytium or separated by a loose microvillar meshwork (mv). Since there is no trace of any base¬ 
ment or ‘interstitial - membrane between the two layers, a hemodichorial nature seems more likely 
than endotheliochorial, but there is only one EM report so far from which these micrographs were 
taken (Fischer 1971). Late pregnant, (a) xl,500; (b) xl 1,400 
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8 Haemochorial Placentation: Mouse, Rabbit, Man, Apes, Monkeys 


Fig. 8.23 Hemotrichorial placentation in Myomorph rodents. The triple layering is remarkably 
consistent in Muridae (rats, mice) and these examples of Cricetidae. Bounding the maternal blood 
space (MBS) layer T1 is usually cellular but very irregular with thin discontinuous areas (arrows 
on b and c) next to regions containing the nucleus (N on a) and abundant cytoplasm with a lot of 
rough endoplasmic reticulum (E) and golgi bodies (G). Layer T2 is syncytial, connected to T1 via 
the occasional desmosome (a, white arrow) and is usually the widest, frequently showing consid¬ 
erable elaboration of the apical plasmelemma (a, c) T3 is thinnest and most uniform, linked to T2 
via desmosomes and gap junctions and occasionally having proliferations of the basal plasmale- 
mma (a) adjacent, to the fenestrated (upward arrow heads) fetal capillaries (FC). M mitochon¬ 
drion. White arrow in (c), cell boundary junction on Tl. (a) Peromyscus , near term placenta; 
xl7,500. (b) Lemmus, near term placenta; x22,600. (c) Cleithryonomys , near tenn placenta; 
x21,300. All from King and Hastings (1977) 


The rabbit has a similar dichorial arrangement but the cellular layer is very 
different in structure from the rather uniform columnar cellularity of the bats (Fig 
8.7; Enders 1965; Samuel et al. 1975). It may be that both rabbit layers are inde¬ 
pendently generated by cellular inserts on the haemotrichorial pattern. 

In the second type, the generative cytotrophoblast is discontinuous but there is 
an additional cellular layer between the syncytiotrophoblast it generates and the 
maternal blood. This pattern has been described only in the beaver. 

There is a considerable initial cytotrophoblast proliferation at the placental site 
(Fig. 8.22). The syncytiotrophoblast-covered fetal villi grow into this layer, producing 
a definitive placenta with a cellular outer layer bathed in maternal blood underlain 
by a syncytial layer with occasional cytotrophoblast inserts. The details of the 
development of the two layers are not clear (Fischer 1971). 


8.6.3 Haemotrichorial 

This is found only in myomorph rodents with just one pattern of layering in the 
cricetids (Fig. 8.23) (gerbil) and murids (rats, mice, hamsters) (Enders 1965; King 
and blastings 1977). 

The circulations are separated by fetal endothelium, two syncytial layers and an 
outer fenestrated cellular layer facing the maternal blood (Fig. 8.4). 



Chapter 9 

Placental Immunology, Viviparity, Evolution 


9.1 Immunology 

9.1.1 Introduction 

The immunological defences of vertebrates are based on two systems, the innate 
[non specific] and the adaptive [specific]. The innate uses largely monocytes, mac¬ 
rophages, granulocytes, NK [natural killer] and mast cells, with complement and 
acute phase proteins as humoral effectors. This is integrated with the adaptive 
system which employs the MHC controlled T and B lymphocytes and humoral 
antibodies. The innate is more primitive but both had evolved at least 220 million 
years ago [mya]. Vertebrate matrotrophic viviparity, based on internal fertilisation, 
retention of an allogeneic conceptus, and the development of a placenta in the 
uterus evolved 150-100 mya and was therefore always constrained by immunologi¬ 
cal considerations (Sacks et al. 1999; Parham 2004). These include the need for 
local tolerance in the uterus but maintenance of a normal level of systemic immu¬ 
nological surveillance. 

Initially the brief toleration of the spermatozoa and seminal fluid components is 
based on the uterine epithelium providing a significant cellular barrier together with 
the local immunomodulation by the progesterone secretion from the corpus luteum 
developed from the ovulated ovarian follicle. After fertilisation the laying down of 
a shell around the zygote will provide a solely maternally derived immunological 
camouflage. Retention of the shelled yolky egg for ovoviviparity could probably be 
ignored immunologically, as in the monotremes. 

However in order to dispense with the eggshell and yolk, the outer cellular layer 
of the conceptus [the eutherian trophoblast] needs to be apposed closely to the 
uterine epithelium to facilitate nutrient transfer. Such simple epithelial apposition 
is seen in most brief marsupial gestations, with insufficient time to develop any 
significant immune recognition. 

Longer pregnancy always depends on the maintenance of progesterone secretion 
with its vital endocrine and immunological effects on the growth and maintenance 
of the placenta (Arck et al. 2007). 


P. Wooding, G. Burton, Comparative Placentation, 
© Springer-Verlag Berlin Heidelberg 2008 
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Eutherian placentas range from epitheliochorial through endotheliochorial to 
hemochorial and are defined by the depth of trophoblast invasion into the uterine 
tissues. The trophoblast which interacts with the uterine epithelium or stroma is 
always the outermost layer of the conceptus. The immune reaction will depend on 
the antigens presented by the trophoblast surface (not the fetus) and their recogni¬ 
tion as allogeneic by the innate and adaptive systems. 

In the few examples investigated so far (pigs, horses and ruminants [epithelio¬ 
chorial], rodents and humans [hemochorial]) the trophoblast of the bulk of the pla¬ 
cental surface does not express MHC I or II antigens (see references in Bainbridge 
et al. 2001; Moffett-King and Loke 2006) and therefore would not trigger an 
immune response directly. However in most cases, there is a smaller subpopulation 
of trophoblast cells which do express MHC, although usually of a non classical type 
often with restricted polymorphism. 


9.1.2 Human 

Most detail is known for the human, where the syncytiotrophoblast covering the 
blastocyst mediates invasion through the uterine epithelium into the decidualised 
endometrial stroma. The villous placenta then develops within the maternal tissue. 
This villous placenta has an MHC negative syncytiotrophoblast covering and the 
villi insert into a cellular layer of extravillous trophoblast [EVT] apposed to the 
decidualised endometrium. EVT cells express three MHC determinants, the classical 
HLA- C and the non-classical E and G which show little polymorphism. The cells 
do not express the classical HLA-A and HLA-B proteins which are the dominant T 
cell ligands mediating an immunological rejection response to infections and allo¬ 
grafts. Cells from the EVT invade the decidualised endometrium and recent work 
(Moffett-King and Loke 2006) suggests that the HLA-C ligand reacts primarily with 
receptors on a uterine specific population of stromal NK cells [uNK] of the innate 
immunological system. Progesterone plays a role in the uterine homing and prolif¬ 
eration of these uNK cells in large numbers, up to 70% of the total leucocytes of the 
decidua, when the uterus decidualises post oestrus. If the balance between the EVT 
ligand and uNK receptor variants is optimal, this interaction produces cytokines and 
growth factors which could direct and regulate the EVT invasion and elimination of 
the muscle sheaths of the narrow spiral arteries supplying the uterus, producing wide 
flaccid conduits within the uterine decidua. This process is essential to increase the 
blood flow suitably for optimal placental perfusion and nutrient supply for the 
remainder of pregnancy, and the uNK cells decrease and disappear in the second half 
of pregnancy. The EVT - uNK reaction is thought to be finely balanced between too 
great an invasion by the EVT causing hemorrhage and too little, resulting in insuffi¬ 
cient blood flow to the placenta. Coincident with these structural changes are the 
equally important immunomodulatory effects of progesterone and other reactions 
mediated by HLA-C, -E and -G with a wide variety of cells in the stroma, including 
decidualised fibroblasts, macrophages, dendritic and myelomonocytic types (see 
Chap. 1.7). These complex interactions have the potential either to bias the few T 
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and B cells of the adaptive system present in the decidua toward Th2 and regulatory 
T cells providing tolerance throughout pregnancy, or to promote T cell immunore- 
jection (Died et al. 2006; Blois et al. 2007; Hunt et al. 2007). In hemochorial pla- 
centation the matemofetal immunomodulation is multifactorial, always aiming 
toward a balance between the wide variety of cytokines, growth factors and hor¬ 
mones potentially available from decidua and trophoblast. The first requirement is 
to optimise the EVT remodelling of the maternal arteries. Subsequently, throughout 
pregnancy, it remains necessary to ensure sufficient immunomodulation for optimal 
growth and development of the uterus and the virtually wholly fetal placental tissue 
in a potentially hostile environment. This immunomodulation is largely local. There 
are a few systemic reactions, probably induced by exosomes and microparticles 
released by the trophoblast. The antibodies they express bias T cells of the circulat¬ 
ing adaptive system toward Th2 and regulatory T cells rather than cytotoxic T cells. 
This however does not compromise the ability of the mother to resist infection 
(Sacks et al. 1999; Redman and Sargent 2007). 

Other primates show much less EVT invasion, with a much more superficial 
implantation (Carter 2007) but the spiral artery modification by trophoblast, although 
differing in degree, is common to all hemochorial placentas investigated so far. 


9.1.3 Rodents 

In rodents the subpopulation of the spongiotrophoblast adjacent to the decidua 
expresses an as yet ill defined MHC type(s). uNK cells are present in the decidua 
in considerable numbers and in mouse play a much more direct role in remodelling 
arteries but in the rat and guinea pig the invasive trophoblast is the main effector 
and penetrates further into the arteries than in the mouse (Ain et al. 2003). However 
uNK gene Knock Out (KO) mice with no uNK cells become pregnant, no arterial 
remodelling occurs, but they still produce viable, though fewer and smaller 
neonates from smaller placentas (Croy et al. 2002). This emphasizes the complexity 
of the system for numerous genomic and KO studies in mice indicate that many 
other genes are involved in maintaining the correct balance between invasion and 
rejection but the relative importance of the MHC expression and the exact roles of 
the innate and adaptive systems are still unclear (Moffett-King and Loke 2006). 
The complexity may be necessary to ensure a viable compromise between the 
paternal genetic drive to maximise and prioritise fetal growth and the maternal to 
limit the fetal demand to a level the mothers’ metabolism can sustain without 
damage. As with the human, the placenta is virtually 100% fetal tissue. 


9.1.4 Pig 

In epitheliochorial placentation there is a similar lack of MHC expression on the 
trophoblast surface as in the hemochorial type, and the microvillar interdigitation 
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of the apical surfaces of the uterine epithelium and trophoblast in the pig, for example, 
produces no decidualisation in the uterine stroma. However there is a conceptus 
dependent increase in the stromal lymphocyte population in the 10-22 dpc implan¬ 
tation period, but with no recognisable subpopulation morphologically equivalent 
to the human or rodent uNK phenotype (Dimova et al. 2007). One or more of the 
subpopulations isolated from the endometrium at this time can produce more angiogenic 
factors [VEGF, HIF] than the trophoblast from the same conceptus (Croy et al. 
2006) and together they may be as important as human or rodent uNKs in maternal 
vasculature modification - in this case initiating proliferation of the capillary bed, 
which starts at 15 dpc (Dantzer and Feiser 1994). 

The massive increases in blood flows and placental exchange surfaces required 
during pregnancy is accommodated by mutual growth of VEGF expressing trophob¬ 
last and uterine epithelium and their separate underlying capillary networks (Winther 
et al. 1999a,b). The placental maternofetal interface is always 50% maternal. 

Again a balance is achieved between the maternal immune defences, pregnancy 
hormones and the growth of the placenta and conceptus in the pig, relying on the 
absence of any trophoblast MHC expression (Ramsoondar et al. 1999). 

In contrast, the horse epitheliochorial and ruminant synepitheliochorial placen¬ 
tas show a small subpopulation of MHC positive invasive trophoblast cells among 
the passive MHC negative majority. 


9.1.5 Horse 

In the horse, at 25-35 days of pregnancy prior to implantation, the blastocyst devel¬ 
ops a localised narrow equatorial girdle of trophoblast cells, These express MHC I, 
become binucleate, synthesize equine chorionic gonadotropin (eCG), locally 
remove the uterine epithelium to which they are apposed and invade the uterine 
stroma to form endometrial cups (see Chap. 5.3.1). Once in place they switch off 
expression of MHC but are surrounded by maternal T lymphocytes and leucocytes. 
Their secretion of large amounts of eCG into the maternal circulation for the next 
70 days is necessary to initiate new corpora lutea and maintain a hormone balance 
suitable for implantation and placental growth between the MHC negative tropho¬ 
blast and the uterine epithelium. As soon as the cup cells secretion of eCG decreases 
the encircling lymphocytes and leucocytes infiltrate and kill the cup cells. At this 
stage, 120-130dpc, the placenta (350dpc at term) is presumably sufficiently well 
established to support its own considerable further expansion of the maternofetal 
interface. All equids require cup formation to ensure a successful normal preg¬ 
nancy. Also normal is the generation of antipaternal antibodies and down regulation 
of the cytotoxic lymphocyte activity in the maternal circulation. Presumably all 
these processes are needed to achieve a suitable balance between rejection and local 
tolerance as in the pig. 
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9.1.6 Ruminants 

Ruminants also have a subpopulation (15-20%)of trophoblast cells which are binu- 
cleate (BNC) and migrate/invade, not as far as the uterine stroma but to fuse with 
uterine epithelial cells or their derivatives to form fetomaternal hybrid tissue in the 
placentomes (see Chap. 6). This occurs throughout pregnancy, not transiently, as in 
the horse. 

Before migration the late pregnant BNC in the cow have been shown (Bainbridge 
et al. 2001) to express both mRNA and antibodies for MHC determinants but 
because of the unique method of formation of the fetomaternal hybrid trinucleate 
cell (see Chap. 6.2.4) none of the original potentially allogeneic transcripts on the 
BNC plasmalemma are presented to the uterine stroma. The contents of the numer¬ 
ous BNC granules, bovine placental lactogen and numerous pregnancy associated 
glycoproteins (PAGS), are released from the trinucleate cell by exocytosis to the 
uterine stroma. Since the BNC migrate from implantation to term, these fetal prod¬ 
ucts are ideally positioned to act as local immunomodulators in addition to their 
metabolic and developmental roles in the placentomes (Wooding et al. 2005b). 

A more recent study in the cow (Davies et al. 2006) detected no expression of 
MHC on any trophoblast in the placentomes, but there was increasing expression of 
both classical and non classical MHC but only during the last 3 months of a 9 month 
pregnancy and always restricted to the interplacentomal uninucleate trophoblast 
cells. This is another small subset of trophoblast, never more than 5% of the total 
area. Since the MHC expression here is limited toward the end of pregnancy it was 
suggested to be more relevant to parturition than any general immunoregulatory role. 
In support of this, the greater the extent of MHC immunoincompatability between 
sire and dam, the fewer problems there were with placental retention. 

In sharp contrast to the cow, the sheep with the same BNC migration, fusion and 
granule release, shows no MHC positive subpopulations in the trophoblast in any 
region at any time during pregnancy. The continuous BNC migration forms fetoma- 
temal syncytial plaques rather than trinucleate cells in the placentome but this syncy¬ 
tium is also MHC negative (Gogolin-Ewens et al. 1989). Recent work around 
implantation has shown an enlargement of subepithelial endometrial fibroblasts in a 
subepithelial zone in the sheep, with the expression of proteins (osteopontin, desmin) 
characteristic of decidualisation in rodents but without lymphocyte recruitment 
(Johnson et al. 2003). This mild reaction could be a consequence of the granule release 
from the uterine epithelial syncytium produced by BNC migration and fusion. 

Common to all ruminants so far investigated is a population of intraepithelial 
y8T cells of the innate system, restricted to the interplacentomal uterine epithelium 
with similar lytic capacity to that in human and rodent NK cells. However these 
cells only increase to significant numbers in late pregnancy and, like interplacen¬ 
tomal MHC expression in the cow, are probably involved in parturition rather than 
establishing early immunoacommodation between mother and conceptus (Aminoor- 
Rahman et al. 2002). 
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9.1.7 Endotheliochorial Placentas 

In the endotheliochorial placenta the trophoblast is invasive, transforming into a 
syncytium before eliminating all of the uterine epithelium and closely apposing the 
intact maternal capillaries. Mutual growth of maternal and fetal capillaries and the 
intervening syncytium produce the massive growth in area and blood flow required 
during the second half of pregnancy. 

No investigation of the MHC expression of the endotheliochorial syncytium has 
been published to our knowledge. Some species such as the cat show a few cells 
between syncytium and maternal capillaries which have been termed “decidual” but 
nothing is known of their function. The corpus luteum produces progesterone 
throughout pregnancy, no hormone /cytokine/growth factor secretion by the syncy¬ 
tium has been identified as yet. 

It seems clear that the wide variety of placental structure is matched by the vari¬ 
ety of immunological strategies for successful placentation based on both the innate 
and adaptive systems. Far too little is known as yet to draw useful parallels or clues 
as to the evolution of the various types. 


9.2 Viviparity 

The evolution of placentation depends on the advantages of viviparity to the spe¬ 
cies. The widespread occurrence of viviparity throughout the animal kingdom, 
both invertebrate and vertebrate, indicates that it is a very successful strategy for 
survival both in the aquatic and the terrestrial environments (Hogarth 1976; 
Amoroso 1981; Wourms 1981) In addition, the existence of many reptiles which 
can be oviparous [egg laying] in some environmental conditions or habitats, and 
viviparous in others together with the number of times the condition has evolved 
in the different phyla (Shine and Guillette 1988) indicate that the transition is both 
advantageous and genetically straightforward (Thompson and Speake 2006). 
There are two main types of viviparity; ovoviviparity, which involves retention of 
the shelled, yolky egg inside the mother until birth and has evolved much more 
frequently than matrotrophic viviparity, where the retained conceptus has much 
less yolk, a thin or absent shell and has developed specialized apposed uterine and 
extraembryonic placental structures to access nutrition directly from the mother 
throughout gestation. It has been estimated that the number of times that ovovivi¬ 
parity and matrotrophic viviparity have evolved in the different classes are: Fish 
28 and 17; Amphibia 5 and 3; Reptiles 100 and 3; Birds 0 and 0 and Mammals 1 
and 1 (Blackburn 1993, 2000). 

The main advantages of viviparity are the egg economy, and the ability to protect 
and maintain a suitable environment and nutrition for embryonic development. 
These plainly outweigh the drawbacks of the demands placed on the maternal struc¬ 
ture and life style. 
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In the marine and terrestrial invertebrates the most usual provision for viviparity 
is maternal secretion of water and nutrients into a brood pouch in which the young 
develop, but there are examples of extraembryonic epithelial structures probably 
adapted for nutrient acquisition by apposition to the maternal tissues such as that 
found in the tunicate Salpa (Bone et al. 1985) and the onychophoran Plicatoperipatus 
(Huebner and Lococo 1994). 

In the vertebrates in all cases, the system employed modifies a preexisting 
maternal organ, usually ovary, oviduct or uterus. The preparation and subsequent 
modifications are controlled by an interplay of estradiol and progesterone. These 
steroids are synthesized initially by the tissue from which the oocyte was produced 
and which becomes the corpus luteum (CL). The hypothalamus initiates the secre¬ 
tion by the pituitary of Luteinising Hormone (LH) which controls the frequency 
and periodicity of this ovulation. 

Hormones and cytokines from the conceptus are also important in maintaining 
the CL progesterone secretion and preparing the uterus for implantation. 
Subsequently the placenta is an important source of signal molecules including 
progesterone for fetomaternal coexistence (see Porter et al. 1982 for a review). 

The earliest mode of vertebrate reproduction in the Fish [Anamniotes] was 
release of numerous eggs and sperm coincidently into the sea producing hundreds of 
tiny very vulnerable embryos requiring sufficient yolk to survive to independence. 
Pituitary and ovarian hormones synchronized oocyte development, ovulation and 
release with mating. Most Teleost fish use this system. The advantages of gamete 
economy and safety led to the development of internal fertilization and with it the 
possibility of deposition of a protective shell, within which, after laying, the concep¬ 
tus relied on the yolk to develop to a much less vulnerable stage before hatching. 
Ovarian hormones would be required firstly to modify the normal ovarian/oviductal/ 
uterine mucus secretion into localized shell constituent secretion, secondly to main¬ 
tain quiescence of the uterus while the shell is deposited and thirdly to match the 
ovulation rate to shell production. Many Elasmobranchs and most Teleosts are ovip¬ 
arous (see Chap. 3). Retention of the shelled, yolky egg[s] in the uterine tract until 
the shell ruptures for live birth [ovoviviparity] increases the safety factor but consid¬ 
erably reduces numbers. Once the yolky egg is retained in uterine safety the shell 
can be reduced in thickness not only to facilitate gas exchange but also for direct 
uptake by the embryo of maternal nutrients via the epidermis and gut. Uterine glands 
can be developed to supply nutrients to the uterus together with other uterine/ovarian 
glandular secretions under ovarian hormonal control. This will allow reduction in the 
amount of yolk required initially and also the possibility of developing specialized 
epithelial outgrowths from both uterus and embryo to optimize the nutrient and gas 
transfer between the two and forming a placental structure if apposed. 

In some of these matrotrophic viviparous fish embryos the yolk/belly sac is 
modified to assume this function in apposition to the uterine epithelium, usually 
with a very thin remnant of the shell between, (see Chap. 3.1.4). In others tropho- 
nemata from the uterine epithelium or trophotaeniae from the embryo hindgut pro¬ 
duce similar 1,000-fold increases in the dry weight gain of the conceptus between 


238 


9 Placental Immunology, Viviparity, Evolution 


ovulated egg and neonate whereas ovoviviparous fish relying on yolk alone, show 
no significant increase (see table 3-1). 

Most Amphibians (Anamniotes) return to the aquatic environment to breed but 
a few have unusual sites for ovoviviparity (see Chap. 3.2). If in the oviduct, the 
embryos rely initially on the egg yolk but then take in oviductal secretions by 
mouth. No extraembryonic structures for access to nutrition have been identified. 

In the evolution of viviparity and placentation it is the next stage - the develop¬ 
ment of further extraembryonic membranes, the amnion and allantois - which is 
least understood. These membranes are the essential prerequisite for the coloniza¬ 
tion of the land by the Reptiles, Birds and Mammals and the allantois forms the 
basis for all forms of placentation in these classes. However the living Amphibia, 
whose ancestors were undoubtedly the first to colonise the land, show neither. 

Romer (1966) has suggested that the earliest reptiles had an amphibious lifestyle 
and range but because of the frequent intermittent droughts developed an egg which 
could be laid on land. This also had the advantage of avoiding the pressures of pre¬ 
dation in the water. The major problems of desiccation, embryonic nutrition and 
protection and oxygen supply can be met by relying on further elaboration of the 
developmental flexibility of the extraembryonic membranes seen in the fish as 
modifications for viviparity. 

Expansion of the celomic cavity would allow extension of the headfold seen in 
the Teleost Heterandria genus (Fig. 3.2) to enclose the embryo in a membranous 
sac - the amnion. This would provide a considerable barrier to desiccation, and 
equally important a “private sea” in which the delicate embryo would be protected 
from mechanical shock during development. 

Similarly, the expansion of the celom provides an increased area of [troph-] 
ectoderm which could be vascularised for respiration by the sort of outgrowth from 
the hindgut as seen in the Teleost trophotaeniae (Fig. 3.2).This allantoic outgrowth 
would replace the very limited capacity of the yolk sac membrane for respiration, 
since it must concentrate on its primary function of yolk mobilization for 
nutrition. 

In parallel with, or prior to, these membrane changes the eggshell needs to 
evolve to a form strong enough to support the bulk of the egg and to allow sufficient 
gas exchange(Packard and Seymour 1997). 

This is one possible scenario, which over millions of years of stepwise evolu¬ 
tion, could produce the first oviparous amniote, forerunner of the reptiles. The 
advantages of viviparity in the sea are equally valid on land and the extant reptiles 
have evolved ovoviviparity in at least 100 species and the ease of the transition is 
emphasized by the fact that some species adopt the viviparous habit when necessary. 
Several oviparous lizard species rely on this strategy when food is scarce or the 
environmental conditions unfavourable. It is suggested that these stresses modify 
the ovarian and or uterine hormone secretion so that the period of uterine quies¬ 
cence needed for shell deposition is extended to suit developmental need. Once 
established on land, the rapid spread and diversification of the reptiles was testi¬ 
mony to the efficiency of the reproductive mode culminating in the age of the 
Dinosaurs, all of which were oviparous. 
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The allantois vascularises the chorion/trophectoderm in all reptiles forming a 
large respiratory surface but the yolk remains the primary nutritive source and there 
is no significant dry weight increase from egg to neonate in the 100 or so ovovi¬ 
viparous forms as compared to the far more numerous oviparous forms. Only five 
or six species of skinks have true matrotrophic viviparity with very little yolk but 
with “placental” elaborations of limited areas of the chorioallantoic apposition to the 
uterine epithelium designed for nutrient transfer rather than respiration (Fig. 3.3). 
As in the fish this produces an enormous increase, up to 900,000% in some Mabuya 
species, in the dry weight gain during pregnancy which can last many months 
(Thompson and Speake 2006). Again as in the fish, the growth and quiescence of 
the uterus, and the provision of nutrients to the fetus are maintained by ovarian and 
uterine hormones [e.g. progesterone and relaxin] which also control parturition. 

Birds and mammals are generally considered to have evolved from reptiles. 
Fossil skeletal evidence indicates many intermediate forms, most of which are now 
extinct, and suggests that the mammary gland and homeothermy evolved before 
viviparity. This is shown by the monotremes which lay eggs but suckle their young 
and have an amnion and allantois pattern of development very similar to that of the 
birds. The monotremes were the first development from the stem mammalian line, 
several million years later the marsupial ancestors appeared. Extant species are 
certainly viviparous, giving birth to very undeveloped neonates just capable of 
crawling to attach to the teat in the mothers pouch and relying on milk for most of 
fetal growth and development. The initial very short gestation period is reliant on 
yolk sac nutrition with a small allantoic sac. There is only one genus, the Peramelids 
(Figs. 4.1-4.3), which develop a short lived chorioallantoic placenta in the last third 
of the 15 day gestation, but this does produce a more developed neonate. 

It is plain that neither the monotremes nor the marsupials seem likely starting 
points for the main mammalian line, and there is good molecular and fossil evi¬ 
dence that the eutherian stem genus evolved soon after the marsupials at least 
124mya ago (Ji et al. 2002). These small mammalian ancestral forms then had 
many millions of years of evolution alongside the dominant reptiles. There is no 
fossil evidence to indicate which form of reptile viviparity is most likely to have 
been the basic design for the wide variety of placental structures which today pro¬ 
vide eutherian matrotrophic viviparity, relying on the amnion and the allantois. 

All four mammalian superorders were present 75 mya, and all available evidence 
indicates that that the eutherians are monophyletic, sharing a single ancestor. 
The most complex reptile placenta, such as that in Mabuya mabuya (Chap. 3.4.3.2) 
would seem a suitable immediate precursor for a simple non invasive epitheliochor¬ 
ial eutherian placenta. However most recent molecular and geological evidence 
indicates that the superorders Xenarthra and Afrotheria, with no extant epitheliocho¬ 
rial members, originated before the Euarchontoglires or Laurasiatheria which show 
epithelio-,endothelio- and hemo- chorial types (Fig. 9.1). This suggests that the 
earliest “stem” mammal had an invasive trophoblast with the non invasive as subse¬ 
quent developments. The viviparous mode is easily achieved in the reptiles and there 
was 70 million years of evolutionary time available for the protoeutherians to 
develop endothermy and lactation alongside a variety of forms of viviparity. 
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This produced the monotremes [ovoviviparous] and marsupials with a very short 
gestation, simple placenta and the teat replacing the umbilical cord. Most reptiles 
with a simple placenta have a long gestation, so if a short gestation time became 
advantageous, as with the marsupials, another way of accessing maternal nutrition 
rapidly is to develop an invasive placenta, characteristic of all extant mammals with 
a short gestation. The complete absence of yolk in the eutherian egg also necessi¬ 
tates rapid access to nutrition, although it could also be a consequence. The oldest 
(124mya) fossil eutherian found so far is Eomaia, a tiny (25 g) furry animal, prob¬ 
ably an arboreal insectivore (Ji et al. 2002). With a narrow pelvic girdle and by 
analogy with extant insectivores it is likely to have produced poorly developed 
altricial young after a short gestation with an invasive placenta. The oldest fossil 
metatherian, Sinodelphys at 125 mya (Luo et al. 2003), is very similar in size and 
arboreal skeletal modifications. This animal presumably had a very short gestation 
with pouch development replacing the need for invasive placentation, by analogy 
with the current Didelphids. 


9.3 Evolution 

The study of the evolution of the soft tissue of the eutherian placenta is complicated 
by the lack of any fossil record. Only the present day wide range of types, epithelio- 
, endothelio- and hemochorial is available. Comparative morphology of the embry¬ 
onic membrane development of these types led Mossman (1987) to suggest an 
epitheliochorial ancestral type with polyphyletic evolution from this state. However 
the evidence from early fossil bone and tooth morphology indicates a monophyletic 
eutherian origin and this has been confirmed over the last decade by studies of the 
DNA sequence data - molecular phylogenetics. This technique relies on mapping 
changes in the DNA sequence in particular nuclear and mitochondrial genes of 
extant species. The rate of these changes has been shown to be fairly constant and 
this provides a molecular clock which can be calibrated against the fossil record. 
Computer algorithms then allow sequence comparisons from large numbers of 
individual gene sequences to be aggregated to produce the most likely evolutionary 
progression or tree topology (cladogram) for the sampled species (Fig. 9.1; Murphy 
et al. 2001). 

The molecular confirms the fossil evidence to a considerable extent (Archibald 
2003) but the molecular evidence is becoming ever more extensive. This has for 
example established a single Cetartiodactyl order from the Cetacea (whales, dol¬ 
phins) and the Artiodactyla (bovids, camels) now confirmed by fossil evidence of 
the ankle joints (Carter and Mess 2006). It has also indicated that the Tenrecoidea 
should be in the Afrotheria superorder and not with other insectivores in the 
Laurasiatheria. Both methods support four eutherian superorders, Laurasiatheria 
(bats, carnivores, horses, insectivores, ruminants and whales), Euarchontoglires 
(lagomorphs, primates, rodents and tree shrews), Afrotheria (aardvarks, elephants, 
hyraxes, manatees and Tenrecoidea), and Xenarthra (anteaters, armadillos and 
sloths). See Fig. 9.1. The main problem still unresolved is which is the basal super- 
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order, Xenarthra or Afrotheria (Mess and Carter 2006; Wildman et al. 2006). 
However since neither contain any species with epitheliochorial placentation, the 
ancestral species must have been endo- or hemochorial with epitheliochorial as a 
derived state. One possible tree topology/cladogram is shown in Fig. 9.1. 



Fig. 9.1 Phylogenetic tree or Cladogram of eutherian mammals, showing the placental types of 
the various Orders. Modified from Vogel (2005) and Wildman et al. (2006) 
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Fossil morphological evidence can provide information that the molecular studies 
cannot, such as the size and possible habitat of the ancestral eutherian. The oldest 
(125 mya) known fossil eutherian so far is Eomaia (Ji et al. 2002), reconstructed as 
a hairy, tiny (25 g), agile animal with a dentition consistent with an insectivore diet, 
living in the shadow of the dinosaurs. Present day animals of this type all have 
endothelio- or hemochorial placentas, reinforcing the conclusion from the molecular 
and fossil derived evolutionary scenarios (Vogel 2005). It is interesting to note that 
the earliest fossil marsupial, Sinadelphys, also lived 124 mya and was a very similar 
mammal both in size and habitat (Luo et al. 2003). 

It must be remembered that outside the localised zone of an endothelio- or 
hemochorial placenta there is usually an epitheliochorial type area or paraplacenta. 
Expansion of this area and reduction in the invasive area would offer a possible 
evolutionary route to a diffuse epitheliochorial placenta. What is unknown is what 
evolutionary pressure or drive there is to favour such a change. 

The ancestral eutherian is generally considered to have evolved from a milk 
producing, homeothermic relative of extant viviparous synapsid reptiles (Kumar 
and Hedges 1998; Benton 2005) all of which have an epitheliochorial placenta. 
However the most complex lizard placenta does show different regions/zones 
adapted for gas and nutrient exchange. If the trophoblast of the discoid “placen- 
tome” seen in the scincid lizard Mabuya (Ramirez-Pinilla et al. 2006) became more 
invasive and endotheliochorial the whole placenta would be very similar to that 
suggested above for the ancestral mammal. However invasion also carries a consid¬ 
erable immunological cost requiring systems to control and limit the allogeneic 
intruder (see Chap. 9.1). 

Since the uterine amniotic environment in a homeothermic mammal is very uni¬ 
form, the environmental constraints which are a major factor in promoting evolu¬ 
tionary change are minimal. What then is the stimulus for the evolution of the wide 
range of placental structures, since all types produce viable young? It has been sug¬ 
gested (Haig 1993; Zeh and Zeh 2000) that instead of pregnancy being a mutual 
symbiotic relationship the fetal drive to maximise nutrient uptake is constantly 
conflicting with the mothers need to ration limited resources. This conflict is con¬ 
trolled mostly by genes showing sex specific imprinting, where one of a pair of 
parental alleles is silenced by DNA methylation with no change in sequence (John 
and Surani 2000; Kiefer 2007).This system of genetic manipulation is not found in 
fish, amphibia nor reptiles and it is suggested that it coevolved with the variety of 
mammalian placentation (Reik et al. 2003). 

Maintaining the correct balance to produce a viable neonate will depend on 
developing a suitable barrier between the two to support different patterns of repro¬ 
duction. For example a short gestation producing several helpless tiny neonates 
would require different adjustments to the long gestation producing the single run- 
soon-as-born types. 

The invasive hemochorial structure, although immunologically costly, gives the 
fetus immediate direct access to gas and nutrient supplies, and the possibility of 
influencing the mothers metabolism by secretion of hormones and cytokines 
directly into her blood. Also the area of the fetal exchange surface is independent 
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of any maternal tissue growth. All these considerations favour the fetus and many 
of the genes involved in placental growth have paternal expression only. The 
mother’s alleles of these genes are imprinted and silenced. Genetic imprinting plays 
an important role in maintaining the maternofetal balance, with the mothers contri¬ 
butions (paternal allele silenced) blunting the more aggressive fetal drives and 
favouring fetal brain development (Martin 2003; Reik et al. 2003). Hemochorial 
placentation would favour a high fetal demand which is only sustainable for a short 
gestation, producing neonates with small brains and bodies. Epitheliochorial pla¬ 
centas, on the other hand, appose a cellular uterine epithelial barrier to the trophob- 
last. limiting and slowing its ability to manipulate the mother’s metabolism. This 
enables the mother to sustain the lower demand for longer, eventually producing a 
single large neonate with, in the case of the dolphin, a brain almost as large as the 
human. 

However this scenario doesn’t explain how the mother withstands the long hemo¬ 
chorial gestation in the primates, although it does produce the largest brain of all. 
Wildman et al. (2006) suggest that the villous form of the primate placenta is less 
metabolically demanding, less efficient than the labyrinthine type in smaller 
hemochorial placentas, producing a mutually acceptable level of nutrient transfer, 
but there is no direct evidence for this. This emphasizes the difficulty, in compara¬ 
tive studies, of being able to define and measure the efficiency of a placenta. Baur 
1977, pioneered this and measured the area of the placental interface per gram of 
conceptus at term. This is a better measure than grams of placenta per gram of 
conceptus because all transfers are limited by the area available. The results (see 
Fig. 2.9) clearly separate the diffuse epitheliochorial placentas (pigs, horses, cam¬ 
els) from the “compact” placentas with a localised area(s) of placental membrane 
proliferation which include synepitheliochorial (cow, giraffe) endotheliochorial 
(cat, elephant) and hemochorial (man, rodents, guinea pig) placentas. The diffuse 
epitheliochorial types provide six to ten times less area per gram of conceptus than 
any compact placenta so the horse (4.4 cm 2 g _1 ) is much more ‘efficient’ than either 
the cow (46 cm 2 ) or the human (34 cm 2 ). The hemochorial human does seem more 
efficient on this criterion than the epitheliochorial cow until the different lengths of 
the pregnancies are factored in: the average weight gain of the conceptus per day in 
the cow is twice that of the human but equivalent to the horse (Vogel 2005). 

Certainly the data indicate that the epitheliochorial placental type seems at least 
comparable to the other two in terms of gross transfer efficiency, but also that no one 
criterion is suitable for judging the overall efficiency of an individual placenta in 
terms of producing viable offspring. Most attempts at generalisations have too many 
exceptions to be useful because the evolutionary pressures are multifactorial. The 
maternofetal conflict and imprinting generate numerous potential sources of varia¬ 
bility. The lifestyle and reproductive pattern are equally important in shaping the 
outcome. Close examination of a particular clade can provide some clues to 
evolutionary mechanisms and directions. A recent study of Cetartiodactyla, for 
example, was based on an analysis of six morphological placental characters and 
each produced the same evolutionary sequence (tree topology) (Klisch and Mess 
2007). This showed that an increase in placental area per gram (to increase glucose 
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transport) and the evolution of two new trophoblast cell hormone delivery systems 
(to manipulate the maternal metabolism) could plausibly be interpreted as the fetal 
initiatives. These were designed to reposition the matemofetal balance. It was sug¬ 
gested this had been tilted towards the maternal side by the change from hemo- or 
endotheliochorial to the basal Cetartiodactyl epitheliochorial form which interposed 
a uterine epithelial barrier to fetal invasion and ready access to maternal supplies. 

It will be necessary to investigate a much wider range of taxa for molecular, 
structural and functional information to achieve a better understanding of the path¬ 
ways of placental and vertebrate evolution. 


Chapter 10 

Hybridisation, Cloning and Fetal Origins 
of Adult Disease 


10.1 Hybridisation 

The range of placental structures found in the different mammalian orders makes 
the prospect of spontaneous hybridisation very unlikely. By definition the species 
are non hybridising groups so even though the detailed placental structures here are 
similar, other postzygotic factors block crossing even between closely related species. 
There are exceptions, kangaroos will cross fertilise interspecifically (references in 
O’Neill et al. 1998) and recently guanaco inseminated with camel sperm produced 
one offspring (Skidmore et al. 1999) but usually the success rate is low, live healthy 
neonates unusual and fertile crosses even rarer. The development of in vitro fertili¬ 
sation and embryo transfer techniques has improved the success rates significantly 
and raised the possibility of increasing the breeding stock of endangered species 
such as Prezwalski horses raised in normal horses (Allen et al. 1986) and rare 
bovine species raised in standard cattle (Durrant and Benirschke 1981). The exact 
nature of the trophoblast genotype is another important factor, as Mus musculus 
will only produce live births of Mus caroli if the inner cell mass of caroli is cam¬ 
ouflaged by injecting it into a musculus blastocyst (Rossant and Frels 1980). Other 
interspecific mouse crosses have revealed that one of critical loci for placental 
development maps to the proximal part of the X chromosome (Zechner et al. 1996). 
The X chromosome is imprinted in the extraembryonic tissues, with genes on the 
maternally inherited X being expressed. Similar results have been produced in 
sheep and goat crosses (Fehilly et al. 1984). Flowever these are rare examples and 
it is clear that even with very similar placental structures, immunological and endo¬ 
crinological imbalances will rapidly terminate gestation in interspecific crosses 
(Allen et al. 1987; Crepeau et al. 1989). 

Recent molecular biological investigation of this hybrid incompatibility has 
indicated that the basic stability of the genome is also compromised. Up to 45% of 
the mammalian DNA is non functional and needs to be inactivated by methylation 
to ensure normal replication (Yoder et al. 1997). Studies on mouse (Shi et al. 2005), 
Peromyscus (Vrana et al. 2000) and kangaroo (O’Neill et al. 1998) hybrids show 
that a common feature is the disruption of the demethylation then de novo remeth- 
ylation of DNA which occurs between gamete formation and early implantation 
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stages in mice and cows (Dean et al. 2003). Imprinted genes are exempt from this 
genome wide demethylation at this time (Armstrong et al. 2006), but recent results 
show that significant losses of imprinting result from standard embryo transfer and 
tissue cultured embryos lose even more (Rivera et al. 2008).Whether this was an 
effect on methylation status was not investigated. 

Identification of the genes which are directly involved in placental growth and 
development has relied on molecular biological manipulation of the DNA of the 
mouse embryo before transfer. Genes can be added (knock in) silenced (knockout) 
or multiplied and if the resulting embryo implants, phenotype examination with in 
situ hybridisation and/or immunocytochemistry can identify the stage at which the 
modified gene is expressed and the structure(s) it affects. Such studies have pro¬ 
duced a wealth of information about mouse placentation and although the mouse is 
uniquely amenable to and suitable for these manipulations many useful parallels to 
gene function in other species are now becoming apparent (Georgiades et al. 2002; 
Cross et al. 2003; Cross 2006; Soares et al. 2006). 


10.2 Cloning 

Each of the blastomeres at the four cell stage of development can produce geneti¬ 
cally identical neonates (or ‘clones’) if cultured separately to blastocysts and trans¬ 
ferred to separate recipients. However the differentiation inherent in the subsequent 
divisions of the four cell stage blocks this possibility. Further manipulations of 
mouse zygotes showed that each cell of the 16 cell stage could produce viable 
blastocysts but only if they were fused (with chemical or electrical stimuli) with 
enucleated oocytes. Willadsen (1986) then extended the technique to sheep. 
Subsequently it was shown using the same method, that a non embryonic standard 
diploid adult somatic cell could be fused with an enucleated oocyte to produce a 
viable fertile sheep - Dolly, the first animal produced by Somatic Cell Nuclear 
Transfer (SCNT) (Wilmut et al. 1997). 

This cloning technique has enormous potential. Not only could an unlimited 
number of genetic replicates of any commercially valuable or endangered animal be 
produced but similar molecular biological manipulations as used on the mouse could 
be adapted to the somatic cell nucleus before fusion. Clones could be engineered to 
produce human compatible antibodies in their milk or blood; antibody modification 
of, say, pig heart tissue, could produce an organ suitable for transplants into humans; 
much better animal models of human diseases could be developed in pig (atheroscle¬ 
rosis) and sheep (cystic fibrosis); and bulls could be designed to produce spermato¬ 
zoa which produced only female calves (Vajta and Gjerrie 2006). 

Unfortunately there is a major problem with SCNT in that the success rate of 
pregnancies carrying SCNT derived conceptuses is usually less than 5% and many 
of the offspring display abnormal growth and developmental defects (Farin et al. 
2006; Vajta and Gjerrie 2006; Keefer 2007). Most of the work with SCNT has been 
with cows or sheep and there are many examples of successful completely normal 
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progeny but at present the outcome of an SCNT based trial is entirely unpredictable. 
One of the reasons is because the placenta shows such a variety of defects. In the 
cow the placentomes are usually fewer and larger but the modifications to the 
histology are again variable. Some report a doubling in the frequency of the char¬ 
acteristic trophoblast binucleate cell (Ravelich et al. 2004), others a decrease 
(Heyman et al. 2002), yet others, normal levels (Miglino et al. 2007). There are 
reports of vascular changes (Miles et al. 2004; Farin et al. 2006), but nothing con¬ 
sistent to suggest possible remedies. There is now good evidence that a major part 
of the problem lies in the insufficiently accurate reprogramming of the genome of 
the donor cell by methylation postfusion and in the early division stages (Dean 
et al. 2003; Armstrong et al. 2006; Farin et al. 2006). Since many genes controlling 
placental development are imprinted (that is, differentially methylated) it is not 
surprising that there are so many problems throughout pregnancy. In the cloned 
mouse, with a 2% success rate, most SCNT pregnancies are lost before 10dpc, and 
most of the remainder show abnormally large spongiotrophoblast and giant cell 
populations and a severely disrupted labyrinth zone (Tanaka et al. 2001).There is 
also evidence of abnormal gene expression in such pregnancies (Humpherys et al. 
2002; Han et al. 2003). 

The technique DOES have potential, but until the controls on gene expression 
are better understood, and the methylation status is surely only one of many factors 
here, that potential will remain unfulfilled. 


10.3 Fetal Origins of Adult Disease 

There is now a considerable weight of evidence that stresses on the mother during 
gestation not only modify placental structure, but such modification can also pro¬ 
duce deleterious long term effects on the health of the offspring much later in life. 
The neonatal birthweight is closely correlated to that of the placenta in a wide variety 
of mammals (Baur 1977). Stresses, whether they are nutritional or from exposure 
to heat or altitude, or from restriction of uterine size, usually decrease the placental 
weight and nutrient transfer function and tend to produce smaller/thinner neonates. 
Human epidemiological studies on adults who were in utero during the Dutch fam¬ 
ine of 1944 show that the smaller babies born to the starved mothers suffered an 
increased incidence in later life of diseases, notably heart attacks, hypertension, 
glucose intolerance, diabetes type II, obesity and reproductive disorders (collec¬ 
tively referred to as the ‘metabolic syndrome’ Barker 2001; Bertram and Hanson 
2001). Similar results have now been described in a wide variety of human popula¬ 
tions and can also be mimicked exactly in animal experiments. Such experiments 
also show that nutritional stress during gestation can produce long term deleterious 
effects even if the birthweight is normal (Bertram and Hanson 2001; Fowden et al. 
2005, 2006a,b; Symonds et al. 2007). 

The Dutch famine results also show that the timing of the nutritional stress is 
critical to the outcome. First trimester stress produced cardiovascular and brain 
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defects, second trimester stress kidney problems and stress in the third trimester 
insulin resistance and eventually, diabetes II. This pattern of results is also seen in 
nutritionally or heat stressed sheep. Here nutrient, usually protein, restriction dur¬ 
ing the first 30 days of pregnancy (term is 147 days) produces cognitive defects and 
hypertension, during 30-90 dpc reduced nephron numbers and compromised renal 
function and during the final 90-147 dpc undernutrition results in normal adult car¬ 
diovascular function but increased adiposity, insulin resistance and diabetes II 
(Symonds et al. 2007). 

The effects of maternal nutrient restriction on placental development is only 
beginning to be quantified accurately, most studies relying only on placental weight 
as a proxy marker. Comparing studies is also made difficult by the various diets 
employed, and the extent of the nutrient deprivation. However, a reduction in villous 
surface area appears to be a common feature, with effects on the fetal placental vas¬ 
culature being more variable (Schlabritz-Loutsevitch et al. 2007 for a recent review). 
There are also marked species differences. For example 50% less protein in the iso¬ 
caloric diets fed for the first 3.5 days of pregnancy with normal levels for the rest of 
the 19 days produces larger neonates in mice (Watkins et al. 2008) but smaller pups 
in rats (Kwong et al. 2000). However in both species the offspring show sustained 
hypertension and increased anxiety related behaviour as adults. The changes are 
seen even if the 3.5 day mouse blastocysts are transferred to a normally fed mother, 
the effect is definitely on the conceptus. In this case the function of the yolk sac, the 
sole nutrient uptake route at this stage, was shown to be altered (Watkins et al. 2008). 
At the blastocyst stage the embryonic founder cell lineages for embryonic and 
extraembryonic tissues are established so it is a particularly sensitive stage, but 
equally the subsequent regulation of the development of the various organ systems 
can be critically affected at specific times by the chorioallantoic placenta dependent, 
nutrient availability. The complex cascade(s) of specific gene expression necessary 
for normal conceptus development will depend upon the placenta’s ability to deliver 
suitable levels of nutrients, notably protein, at each stage. There is good evidence 
that the placenta can alter its size, structure and transporter abundance and type in 
response to fetal nutrient demand but how this signalling is accomplished is 
unknown (Angeolini et al. 2006; Fowden et al. 2006b). The SCNT results indicate 
how important the methylation levels are. Since many differentially methylated, that 
is imprinted, genes are involved in placental growth it is possible that changes in 
gene methylation could be affected by suboptimal uterine conditions but there is no 
direct evidence for this as yet. It seems more likely that normal development relies 
on a critical level of nutrient supplies at particular times. Normally this is ensured, 
and the whole process orchestrated, by the maternal and fetal endocrine systems. In 
support of this scenario, evidence is accumulating to indicate that many of the adult 
problems are accompanied by abnormal hormone concentrations, and these would 
be the result of irreversible fetal reprogramming, in response to placental stresses, of 
the basal levels and sensitivities of a wide range of fetal endocrine functions 
(Fowden et al. 2005). This is a very active area of investigation currently and it is 
perhaps possible to see some parts of the complex hierarchy of controls that ensures 
the remarkable progression from zygote to neonate. 
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rhesus, apes, 212 
Epitheliochorial placentas, 12 
pig, horse, moles, lemurs, 105 
Evolution of eutherians 

monophyletic from fossil evidence, 240 
Evolution of the placenta 

cetartiodactyl(ruminant) example, 243 
cladograms show suggested 
routes, 240 

compact versus diffuse types, 243 
comparison of extraembryonic 
membranes, 240 

different reproductive patterns, 242 
DNA confirms fossil evidence, 240 
DNA evidence, molecular phylogenetics, 240 
efficiency definition, 243 
endothelio or haemo chorial basal, 241 
epitheliochorial, short gestation, 243 
haemochorial for short gestation, 243 
lizard to mammal transition, 242 
multifactorial pressures, 243 
no fossil record, 240 
parental genetic conflict, 242 
postulated eutherian ancestor, 242 
role of genetic imprinting, 242 
Extraembryonic, 3 
Extravillous cytotrophoblast cells 
human, 203 

spiral artery remodeling, 203 
Extravillous trophoblast-uNK 

immunomodulatory interactions 
in human, 232 
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Facilitated diffusion, 60 
Fenestrated syncytiotrophoblast 
shrew, sloths, 180 
Fertilisation in vitro, 245 
Fetal capillary units 

mouse chorioallantoic placenta, 192 
Fetal membranes 
ruminant, 139 

Fetal origins of adult disease, 247 
Fetomaternal cell fusion 
marsupials, 104 

Fetomaternal hybrid syncytial plaques, 133 
Fetomaternal hybrid 

syncytiotrophoblast, 33 
Fetomaternal hybrid tissue 
marsupials, 104 
ruminants, 137 
Fish 

amniote placentas, homologies, 100 
chondricthyes (cartilagenous), 83 
osteicthyes (bony), 83 
yolk sac placenta, 87 
Fish placenta, 83 
appendiculae, 87 
pericardial sac, 88 
trohonemata, 87 
trophotaeniae, 89 
Fish viviparity, 83 
Flow rate measurements, 69 

Four cell stage blastomere origin, 246 
Frog and toad placentation, 91 
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Galago 

placental structure epitheliochorial, 128 
Gene manipulation 
mouse, 246 

Genetically identical neonates 
Giant cells, 30 

four types in mouse placenta, 195 
Glucose transporter, 60 
Grosser, 12 
Grosser’s categories 

updating the assumptions, 14 
Gross blood flow, 70 
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Haemochorial placenta(s), 14 
all ‘compact’, 185 
decidual tissue, 185 
invasion, erosion, 185 


296 


Index 


Haemochorial placenta(s) ( cont .) 
maternal arterial channels, 185 
mouse, rabbit, human, monkeys, 185 
number of trophoblast layers, 16 
trophectoderm always present, 185 
up to three layers, 187 
uterine glands, 185 
variety of layers, 219, 221, 223, 225 
yolk sac, 185 
Haemodichorial placenta 
two types, 222 
Haemomonochorial placenta 
cellular trophoblast, 224 
separation of functions, 223 
syncytiotrophoblast, 222 
Haemophagous zones, 17 
Haemotrichorial placenta 
rodents only, 224 
Haemotroph, 55 
Harmonic mean thickness, 76 
Histotroph, 55 
Homologies 

between fish and amniote placentas, 

90 

between reptile, fish and amniote 
placentas, 96 

Horse antipaternal antibodies 

from girdle cell MHC stimulation, 234 
Horse cup formation 

essential for pregnancy, 234 
Horse cup secretion 

equineCG for new CL, 234 
Horse endometrial cups 
MHC negative, 234 
size depends on genotype, 120 
Horse epitheliochorial placenta 
immunological adaptations 
for pregnancy, 234 
Horse girdle cells 
MHC positive, 234 
Horse, 105 

acellular capsule, 116 
areolae, 124 

binucleate girdle/cup cells, 117 

blood flow directions. See Countercurrent 

blood vessel pattern, 127 

calcium areolar transport, 126 

chorioallantoic placental formation, 123 

chorionic girdle, 116 

chorionic girdle formation, 117 

cup cell death, 121 

cup eCG secretion, 119 

eCG, none in fetal circulation, 122 

embryo transfer, interspecies, 122 


endocrine pregnancy profile, 126 
endometrial cup formation, 117 
endometrial cups, 116 
fetal membranes, 113 
gestational age, 113 
girdle tissue culture, 120 
implantation 

fetomaternal interdigitation, 113 
maternal recognition of pregnancy, 116 
MHC expression in girdle and cup, 119 
microcotyledon development, 124 
placental development, 116 
reproductive summary detail, 113 
uteroferrin iron transport, 126 
Human 

fetal membranes and placental 
development, 201 
immunological adaptations 
for pregnancy, 232 
Human embryo 

nutrition via yolk sac initially, 206 
Human endometrial glands 

early pregnancy support, 206 
Human EVT and uNK interactions 
immunomodulation, 232 
Human implantation 

epithelial penetration, 201 
syncytiotrophoblast formation, 201 
Human placenta 

blocked spiral arteries initially, 206 
blood flow in lobule, 208 
cytotrophoblast shell 

constant thickness, 207 
decidua constant thickness, 207 
definitively haemomonochorial, 210 
discoid with definitive villi, 207 
exchange area at term, 210 
giant cells, 206 
hormone production, 210 
iron transport via transferrin, 210 
lobules, 207 

no blood flow before about 75 dpc, 206 
parturition/labour, 211 
Rohr’s, nitabuch’s striae, 204 
septae, 207 
terminal villi, 210 
vasculosycytial membrane, 210 
villus organization, 210 
villus regression, 205 
Human placental development 
cytotrophoblastic shell, 203 
villus initiation, 203 

Human reproduction summary details 200, 
203,205, 207, 209,211 
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Human uterine stromal NK cells 
immunological role, 232 
Human villous placenta 
MHC negative, 232 
Hybrid incompatibility 
molecular biology, 245 
Hybridisation, 245 
Hybrid species DNA 

methylation disrupted, 245 

I 

Immunological adaptations for pregnancy 
endotheliochorial placentas, 236 
horse, 234 
human, 232 
pig, 233 
rodents, 233 
ruminants, 235 
Immunological camouflage 
shell membrane, 231 
Immunological defences 
innate,adaptive, 231 
Immunomodulation 

EVT and uNK interactions, 232 
Immunoregulatory effectors 
from cow BNC, 231 
Immunotolerance in pregnancy 
Th2 and T regulatory cells, 233 
Implantation 7, 47 
adhesion, 49 
delay of, 47 
displacement, 53 
fusion, 53 
human, 201 
interdigitation, 51 
intrusion, 54 

invasion, initial placental development, 51 

mouse, rat, 188 

MUC-1,51 

Old World monkeys, apes, 212 
preferred sites, 48 
rabbit, 196 
rhesus, 212 
uterine spacing, 47 
Imprinting (genetic) 

role in forming placental structure, 242 
Innate immunological defences, 231 
Insulin-like growth factor binding protein, 44 
Interhaemal diffusion distance, 75 
Interplacentomal areas 
ruminant, 138 

Interspecific fertilisation, 245 
Interstitial layer/membrane 


endotheliochorial placenta, 169 
Intraepithelial large granular lymphocytes 
ewe parturition, 147 
Invasive cytotrophoblast, 32 
Ion transport 

placental ion transport, 60, 64, 65 
Iron ion transport 
uteroferrin, 65 
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Kangaroos, 101 

L 

Labour 

human placenta, 211 
Lacertiliformes (lizards), 92 
Lactate transport, 63 
Lizard placentation 
lacertiliformes, 92 
Lizards, 92 

absorptive plaques, 95 
areolas, 95 
chorioallantois, 94 
placental types I to IV, 94 
placentome, 95 
yolk sac, 93 
Lobule structure 

human placenta, 207 
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Marsupials 

chorioallantoic placenta, 101 
fetomaternal cellfusion, 104 
placentation, 99 
trophectodermal invasion, 102 
yolk sac, 101 

Maternal arterial channels 

mouse chorioallantoic placenta, 192 
new world monkeys, 217 
rabbit, 198 

Maternal nutrient restriction 

effect on placental structure, 248 

Maternofetal exchange 
active transport, 63 
blood flow rates, 56 
calcium transport, 66 
compact placentas, 68 
conclusions, 67 
control of transfer, 56 
diffuse placenta, 68 
diffusion pathways, 58 
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Maternofetal exchange ( cont .) 
facilitated diffusion 

glucose transporter, 60 
lactate transport 

monocarboxylic acid transport, 63 
membrane barriers, 55 
membrane transport 

facilitated diffusion, 60 
oxygen gradients, 58 
oxygen transfer efficiency, 58 
phylogenesis (evolution), 69 
protein transport, 67 
simple diffusion, 56 
transport mechanisms, 55 
Maternofetal syncytia 
ruminants, 140 
Membrane transport, 60 
Mesoderm, 3 
Metabolic syndrome, 247 
Metatheria 

marsupialia, kangaroo, 99 
Methylation 

inactivates DNA, 245 
MHC trophoblast 

human EVT positive, C, E and G only, 232 
MHC trophoblast expression 

all sheep trophoblast cells negative, 235 
factor in placental retention in cow, 235 
horse cup and postgirdle trophoblast cells 
negative, 234 

horse, only girdle cells positive, 234 
human sycytiotrophoblast negative, 232 
late pregnant cow, only uninucleates, 235 
none reported in endotheliochorial 
placentas, 236 
pig, 233 

possibly in cow BNC, 235 
sheep fetomatemal syncytium negative, 235 
Microvillar junction 
ruminant, 137 
Migration front 

ruminant binucleate cells, 154 
Monocarboxylic acid transporter, 63 
Monotocous, 48 
Monotreme placentation 
platypus, 99 
Morula, 3 

Mouse chorioallantoic placenta 
corrosion casts, 192 
fetal capillary units, 192 
four types of giant cells, 195 
Gcm-1 role in growth, 189 
glycogen cells, 195 
labyrinth and spongiotrophoblast, 189 


maternal arterial channels, 192 
morphometry of growth, 194 
polyploidy of giant cells, 195 
spiral artery remodeling, 192 
three interhaemal layers, 194 
three trophoblast layers, 189 
Mouse ectoplacental cone 

chorioallantoic placenta source, 189 
Mouse hemotrichorial placenta 
methods of growth, 194 
Mouse pregnancy immunotolerance 
many genes, 233 
Mouse, rat 

fetal membranes and placental 
development, 187 
implantation, 188 
reproduction summary details, 187 
Mouse yolk sac placenta 

immunoglobulin absorption, 189 
only initial nutrient source, 189 
MUC-1 mucin, 51 

ruminant implantation, 140 
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Network current blood flow, 71 
New World monkey placenta 
glucose transporter, 217 
implantation, 216 
no blood flow in first half of 
gestation, 216 
persistent maternal arterial 
channels, 217 
placental structure, 216 
trabecular structure, 217 
uterine glands, 217 
Nitabuch’s stria 

human placenta, 204 


O 

Oligocotyledonary 
ruminant, 134 

Osteichthyes (bony fish), 83 
fish placenta 88 
Osteopontin 

ruminant implantation, 140 
Outermost layer of the conceptus 
trophoblast 

low or no antigen expression, 232 
Oxygen gradients, 58 
Oxygen transfer efficiency, 58 
Oxytocin 

role at human parturition, 211 
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P 

Parallel evolution, 104 
Paraplacental regions 
cat, dog, mink, 173 
Parturition 
human, 211 
rabbit, 200 

role of oxytocin in human, 211 
sheep, 147 
Pericardial sac 
fish placenta, 88 
Phagocytosis. See Endocytosis 
and phagocytosis 
Pig 

adhesion of the filamentous blastocyst, 107 
areolar uteroferrin, 65 
blastocyst oestrogen secretion, 106 
blastocyst remodeling, 106 
capillary indentation, 110 
complementary vascular ‘baskets’, 109. 

(see also Corrosion casts) 
ectopic blastocyst syncytium, 108 
endometrial lymphocyte infiltration. 108 
fetal membranes, 106 
immunological adaptations for pregnancy, 
233 

implantation, 106 

interhaemal diffusion distance, 110 
irregular areolae, 108 

local differences in placental structure, 110 
maternal recognition of pregnancy signal, 
106 

matemofetal microvillar interdigitation, 

107 

placental development, 106 
regular areolae, 108. (see also Areolae) 
relaxin for parturition, 112 
reproduction summary details, 105 
Pig epitheliochorial placentation 
trophoblast MHC negative, 233 
Pig implantation 

stromal lymphocyte influx, 234 
uNK or macrophage influx, 234 
Pig placenta 

no decidualisation, 234 
Placenta 

definition, 2 
functions 

surrogacy, camouflage and hormone 
source, 2 

Placental development 

stage and nutrient dependent, 248 
Placental growth genes 

molecular biological identification. 246 


Placental lactogens 

fetal circulation ruminants, 160 
functions in ruminants, 161 
Placental stress 

timing changes outcome, 247 
Placental structure 

effects of fetal demand, 248 
Placentomal villi 

growth control, ruminants, 142 
Placentomes 

compact placentas 

increase exchange area, 137 
concave or convex, 137 
lizard placenta, 95 
ruminant, 133 
Platypus, 99 
Polycotyledonary 
ruminant, 134 
Polytocous, 47 
Preeclampsia 

human placenta, 206 
Pregnancy associated glycoproteins 
ruminants, 160 
Progesterone 

uNK homing role, 232 
Progesterone secretion 

essential for pregnancy, 231 
Prolactin, 43 

Prostaglandins and steroids, 44 
Protein transport, 67 
Prototheria, 99 
monotremata 
platypus, 99 


R 

Rabbit 

chorioallantoic placenta 
parturition, 200 

trophoblast remodelling of maternal 
arteries, 198 

fetal membranes and placental 
development, 196 
haemodichorial placenta, 198 
implantation 

pseudopregnancy, 198 
spacing, trophoblast fusion with uterine 
epithelial cells 196 
syncytial knobs, 198 
placental growth 

no ectoplacental cone, 198 
reproduction summary details, 196 
spongiotrophoblast 

syncytial in structure, 200 
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Reichert’s membrane 

mouse, rat placenta, 189 
Relaxin, 44 
Reptiles 

crocodilia, 92 

fish and amniote placentas 96 
homologies, 96 
lizards and snakes, 92 
Reptilian placentation, 92 
Retained placenta 

parturition cow, 149 
Rhesus, ape placentas 
artery remodeling, 213 
Rhesus monkey placenta, 212 
Rodent immunological adaptations for 
pregnancy, 233 

Ruminant binucleate cell granules 
placental lactogen, 159 
pregnancy associated glycoproteins, 160 
Ruminant binucleate cell(s), 15 

control of growth and migration, 161 
exocytosis, 159 
isolation, tissue culture, 149 
migration frequency, 158 
migration front, 154 
migration, 156 

Ruminant fetal membranes, 139 
Ruminant implantation, 139 

restricted binucleate cell fusions, 140 
Rumimant parturition 
fetal cortisol, 147 
Ruminant placenta 
‘decidual’ cells, 144 

perfusion versus immersion fixation, 144 
Ruminant placental binucleate cells, 151 
Ruminant placental development, 141 
Ruminants 

immunological adaptations for pregnancy, 
235 

maternal recognition of pregnancy, 140 
synepitheliochorial placentation, 133 


S 

Salamanders, 91 

SCNT. See Somatic cell nuclear transfer 
Serpentiformes. See Snakes 
Sheep, cow 

reproduction summary details, 138 
Sheep endometrial fibroblasts 

some expression of ‘decidual’ proteins, 235 
Sheep interplacentomal y8T cells 
role at parturition, 235 


Smooth chorion 

human placenta, 207 
Snake placentas, 96 
Snakes, 92, 96 
Somatic cell nuclear transfer 
for clone production, 246 
Somatopleur, 5 

Specific immunological defences, 231 
Spiral arteries 

dilated, no vasoreactivity, 206 
Spiral artery remodelling 

mouse chorioallantoic placenta, 192 
old world monkeys, apes, 213 
rabbit, 198 

trophoblasts and uterine natural killer cells 
roles, 192 
Splanchnopleur, 5 
Spongiotrophoblast, 32 
Spontaneous hybridisation, 245 
Squamata, 92 
Subplacenta, 20 
Syncytiotrophoblast, 25 
Syndesmochorial, 12, 15, 133. See also 
Synepitheliochorial 
Synepitheliochorial, 16, 133 
Synepitheliochorial placenta 
ruminants, 133 
two types, 137 
Systemic immune reactions 
low level in human, 233 


T 

Terminal villi 

formation in human placenta, 210 
Trabeculae 

New World monkey placenta, 217 
Transient trinucleate cells 
cow, deer, 145 
Trophectodermal invasion 
marsupials, 102 
Trophectodermal papillae 

ruminant blastocyst immobilization, 
139 

Trophoblast genotype 
acts as camouflage, 245 
Trophoblast surface antigens 
low or absent, 232 
Trophonemata 
fish placenta, 87 
ovarian, 89 
Trophotaeniae 
fish placenta, 89 
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U 

Urodela 

salamanders, 91 
Uterine closure, 49 
Uterine glands 

essential for ruminant implantation, 140 
Uterine natural killer cells, 37 
Uteroferrin, 65 

V 

Vascular anatomy, 72 

Vascular architecture and placental function, 
75 

Vascular relationships 
concurrent, 70 
control of blood flow, 78 
corrosion casts, 71 
countercurrent, 70 
flow rate measurements, 69 
gross flow, 70 

harmonic mean thickness, 76 
interhaemal diffusion distance, 75 
introduction, 69 
maternal blood flow rates, 77 
microflow, 70 
network current, 71 
umbilical blood flow, 78 
vascular anatomy, 72 
vascular architecture and placental 
function, 75 

‘Vasculosyncytial’ membrane 
human placenta, 210 
Villus evolution, 137 
Viviparity, 236 
advantages, 236 
allantoic origin, 238 
amnion origin, 238 
eutherian origins, 239 
fish, 83 

frequent evolutionary event, 236 
genetically simple change, 236 


hormone requirement, 237 
invertebrate, 237 
monotremes, 239 
ovoviviparity, matrotrophic 
viviparity, 236 
reptile types, 239 
sea to land transition, 238 
shorter gestation period, 240 
Viviparity, matrotrophic 
allogeneic conceptus, 231 
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Weekes 

lizard placental types, 94 


Yolk sac 

competion of inversion, 24 
complete inversion, 6 
completely inverted, 19 
formation, 23 

formation of inverted sac, 23 
function of intraplacental sac, 24 
human, 206 

incompletely inverted, 6, 19 
intraplacental, 20 
lizards, 93 
marupials, 101 
platypus, 99 
ruminant, 139 
Yolk sac placenta 
fish, 87 

haemochorial, 185 
mouse inverted yolk sac, 189 
rabbit, 196 
Yolk sac types, 22 
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Zona pellucida, 47 


